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Many studies have explored hatching patterns as evolutionary adaptations to optimize 
reproductive success in suboptimal brood-rearing conditions; however, the specific function 
of these patterns remains unclear. Using artificial eggs, I controlled for the onset of 
incubation to produce asynchronous (ASYNC) or synchronous (SYNC) broods of mountain 
bluebirds (Sialia currucoides) breeding on reclaimed mine lands that had previously been 
determined as a food-limited environment for this species. The effects of hatching patterns on 
the reproductive success of bluebirds on the mine were compared to populations breeding on 
a nearby, undisturbed reference site. Although hatching spread was significantly different 
between ASYNC and SYNC groups, treatment had negligible effects on the phenotypic 
indicators of condition and growth of nestling bluebirds, suggesting that synchronous 
hatching patterns are more likely the result of an environmental constraint rather than an 
adaptive strategy. Nevertheless, parents responded differently to treatment groups by 
bringing larger, but fewer, prey items to SYNC nests on the mine during the early stages of 
brood rearing, while males in better condition reduced provisioning rates to SYNC broods, 
likely as part of a self-maintenance strategy. I performed a similar experiment with tree 
swallows (Tachycineta bicolor), but interestingly there were no differences in hatching 
spread between ASYNC and SYNC broods; however, nestlings with higher mass on day 2 of 
the nestling period were structurally larger just prior to fledging, and had faster growth rates. 
Adult female tree swallows were also found to be in better condition with greater hatching 
spread in the nest. To determine whether the negligible treatment effects on tree swallows 
were due to females investing more in last-laid eggs, or embryos of last-laid eggs showing 
faster development to offset the detrimental effects of hatching asynchrony, the experiment 
was repeated while also controlling for hatching order irrespective of laying order. After 
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controlling for early onset incubation, there was a significant difference in hatching spread 
between ASYNC and SYNC treatment groups; however, no evidence was found for 
metabolic differences between first- and last-laid eggs. Nestling tree swallows from SYNC 
broods did poorly in larger broods and with later hatch dates compared to nestlings from 
ASYNC broods, possibly due to increased sibling rivalry. Nestling tree swallows from 
SYNC broods that experienced higher parasite loads were lighter at day 16 but experienced 
faster growth, providing some support for the ‘tasty chick’ hypothesis and the presence of 
accelerated growth in response to peak parasite infestation. Warmer, drier weather also 
resulted in a lower probability of fledging across both treatment groups, which may have 
been related to more detrimental effects of parasites during such weather. Research that 
incorporates species-specific life-history characteristics in conjunction with site-specific 
conditions will better inform how hatching patterns may be indicative of environmental 
challenges during the breeding season. 
iv 
 
Table of Contents 
Abstract .............................................  ........................................................................................... ii 
Table of Contents ..............................  ....................................................................................  ...... iv 
List of Tables .....................................  ....................................................................................  .... vii 
List of Figures ...................................  ....................................................................................  ...... ix 
Acknowledgements ...........................  ....................................................................................  .... xii 
1. Introduction ..................................  ....................................................................................  ....... 1 
1.1 Life History Strategies for Reproduction .............  ........................................................... 1 
1.2 Hatching Patterns: Adaptation or Constraint? ......  ........................................................... 3 
1.3 Thesis Objectives and Definitions........................  ........................................................... 6 
2. Investigating hatching patterns as adaptive mechanisms for improving the 
reproductive success of mountain bluebirds (Sialia currcuoides) and tree swallows 
(Tachycineta bicolor) breeding on reclaimed mine lands ........................................................... 9 
2.1 Abstract ...............................  ............................................................................................ 9 
2.2 Introduction .........................  .......................................................................................... 10 
2.3 Methods ...............................  .......................................................................................... 13 
2.3.1 Study Species ..........  .......................................................................................... 13 
2.3.2 Study Location ........  .......................................................................................... 14 
2.3.3 Experimental Design.......................................................................................... 15 
2.3.4 Parental Condition ..  .......................................................................................... 16 
2.3.5 Provisioning Rates ..  .......................................................................................... 17 
2.3.6 Nestling Condition and Success ........................................................................ 18 
2.3.7 Statistical Analyses .  .......................................................................................... 19 
2.4 Results .................................  .......................................................................................... 22 
2.4.1 Effects of Experimental Treatment on Hatching Characteristics ...................... 22 
2.4.2 Nestling Condition, Growth, and Fledging Success .......................................... 23 
2.4.3 Parental Care and Condition .............................................................................. 28 
2.5 Discussion ...........................  .......................................................................................... 30
v 
 
2.5.1 Effects of Experimental Treatment on Hatching Characteristics ...................... 30 
2.5.2 Nestling Condition, Growth, and Fledging Success .......................................... 43 
2.5.3 Parental Care and Condition .............................................................................. 44 
2.5.4 Effects of Environmental Variation ................................................................... 47 
2.5.5 Conclusion ..............  .......................................................................................... 49 
3. Understanding the proximate mechanisms of hatching asynchrony in an aerial 
insectivore by experimentally controlling onset of incubation ................................................ 51 
3.1 Abstract ...............................  ....................................................................................  ..... 51 
3.2 Introduction .........................  .......................................................................................... 52 
3.3 Methods ...............................  .......................................................................................... 56 
3.3.1 Study Species ..........  .......................................................................................... 56 
3.3.2 Study Area ..............  .......................................................................................... 57 
3.3.3 Experimental Design.......................................................................................... 57 
3.3.4 General Field Procedures ................................................................................... 58 
3.3.5 Statistical Analyses .  .......................................................................................... 59 
3.4 Results  ................................  .......................................................................................... 60 
3.5 Discussion and Conclusion .  .......................................................................................... 60 
4. Effects of hatching patterns on the reproductive success of an asynchronously 
hatching aerial insectivore ...............  .......................................................................................... 65 
4.1 Abstract ...............................  .......................................................................................... 65 
4.2 Introduction .........................  .......................................................................................... 66 
4.3 Methods ...............................  .......................................................................................... 68 
4.3.1 Study Species ..........  .......................................................................................... 68 
4.3.2 Study Area ..............  .......................................................................................... 69 
4.3.3 Experimental Design ......................................................................................... 69 
4.3.4 General Field Procedures  .................................................................................. 71 
4.3.5 Weather Index .........  .......................................................................................... 72 
4.3.6 Statistical Analyses .  .......................................................................................... 73
vi 
 
4.4 Results .................................  .......................................................................................... 75 
4.4.1 Effects of Experimental Treatment on Hatching Spread and Success............... 75 
4.4.2 Parental Condition ..  .......................................................................................... 75 
4.4.3 Nestling Condition, Growth, and Fledging Success .......................................... 75 
4.5 Discussion  ..........................  .......................................................................................... 78 
4.5.1 Parental Condition ..  .......................................................................................... 78 
4.5.2 Nestling Condition and Success ........................................................................ 88 
4.5.3 Conclusion ..............  .......................................................................................... 92 
5. Synthesis ........................................  .......................................................................................... 93 
5.1 Research Summary ..............  .......................................................................................... 93 
5.2 Study Limitations ................  .......................................................................................... 95 
5.3 Implications of Research .....  .......................................................................................... 95 




List of Tables 
Table 2.1. Results of Poisson regressions assessing the effects of an experimental treatment 
(asynchronous or synchronous hatching; see Section 2.3.3) on hatching failure in mountain 
bluebirds (MOBL) and tree swallows (TRES) breeding in two different study areas 
(reclaimed mine lands and a nearby, undisturbed reference site) in 2014 near Logan Lake, 
BC, Canada. The reference area and synchronous treatment were set as reference categories 
for the parameter estimates. Effect sizes are represented by the standardized beta coefficients 
(β). .................................................................................................................................................. 32 
 
Table 2.2. Results of linear mixed models assessing the effects of predictors on mass and 
size at day 15 for nestling mountain bluebirds in two different areas (reclaimed mine lands or 
a nearby, undisturbed reference area) near Logan Lake, BC, Canada in 2014. Treatment 
groups consisted of broods either manipulated to hatch asynchronously or synchronously (see 
Section 2.3.3). Brood identity was included in all models as a random effect to account for 
variation within the brood environment and for maternal effects among siblings. The 
synchronous treatment and reference study area were set as reference categories for the 
parameter estimates. Effect sizes between variables are represented by Cohen's f2. .................... 33 
 
Table 2.3. Results of linear mixed models assessing the effects of predictors on mass and 
size at day 16 for nestling tree swallows breeding in two different areas (reclaimed mine 
lands or a nearby, undisturbed reference area) in 2014 near Logan Lake, BC, Canada. 
Relative size represents nestling mass on day 2 relative to other nestlings within the brood. 
Brood identity was included in all models as a random effect to account for variation within 
the brood environment and for maternal effects among siblings. The reference study area was 
set as the reference category for the parameter estimates. Effect sizes are represented by 
Cohen's f2. ...................................................................................................................................... 35 
 
Table 2.4. Results of linear mixed models assessing the effects of predictors on the growth 
rate constants of mass, tarsus, and 8th primary feathers of nestling mountain bluebirds raised 
in two different areas (reclaimed mine lands and a nearby, undisturbed reference area) in 
2014 near Logan Lake, BC, Canada. Treatment groups consisted of broods either 
manipulated to hatch asynchronously or synchronously (see Section 2.3.3). Brood identity 
was included in all the models as a random effect to account for variation within the brood 
environment and for maternal effects among siblings. The synchronous treatment and 
reference area were set as reference categories for the parameter estimates. Effect sizes 
between variables are represented by Cohen's f2 ........................................................................... 36 
 
Table 2.5. Results of linear mixed models assessing the effects of predictors on the growth 
rate constants of mass, tarsus, and 9th primary feathers of nestling tree swallows being raised 
in two different areas (reclaimed mine lands and a nearby, undisturbed reference area) in 
2014 near Logan Lake, BC, Canada. Relative size represents nestling mass on day 2 relative 
to other nestlings within the brood (see Section 2.3.7). Brood identity was included in all the 
models as a random effect to account for variation within the brood environment and for 
maternal effects among siblings. The reference area was set as the reference category for the 
parameter estimates. Effect sizes between variables are represented by Cohen's f2 ..................... 37
viii 
 
Table 4.1. Results of linear mixed models assessing the effects of predictors on mass and 
size at day 16 for tree swallow nestlings near Prince George, BC, Canada in 2015. 
Experimental treatment groups consisted of broods with either asynchronous or synchronous 
hatching regimes (see Section 4.3). Brood identity was included in all models as a random 
effect to account for variation within the brood environment and for maternal effects among 
siblings. The asynchronous treatment group was set as the reference category for the 
parameter estimates. Effect sizes are represented by Cohen's f2 ................................................... 81 
Table 4.2. Results of linear mixed models assessing the effects of predictors on growth rate 
constants of tree swallow nestlings near Prince George, BC, Canada in 2015. Experimental 
treatment groups consisted of broods with either asynchronous or synchronous hatching 
regimes (see Section 4.3). Brood identity was included in all the models as a random effect to 
account for variation within the brood environment and for maternal effects among siblings. 
The synchronous treatment was set as the reference category for the parameter estimates. 




List of Figures 
Figure 2.1. Mean (±SE) hatching spread of broods of mountain bluebirds (MOBL) and tree 
swallows (TRES) according to experimental treatment group where broods were either 
asynchronous (ASYNC), synchronous (SYNC), or part of an unmanipulated control group 
(CONTROL, TRES only; See Section 2.3.3) on reclaimed mine lands (HVC) or an 
undisturbed, reference area (REF) near Logan Lake, BC, Canada in 2014. Hatching spread 
was defined as the difference between the largest and smallest nestling in a brood on day 1 
for MOBL and day 2 for TRES. Numbers above the error bars represent the sample size 
(number of broods). ....................................................................................................................... 31 
 
Figure 2.2. The influence of relative size on the combined length of head and bill for nestling 
tree swallows on day 16. Relative size is represented as the z-score of nestling mass on day 2 
relative to the brood, with zero representing the mean mass of the brood. Nestlings included 
in the analysis were from populations breeding on both reclaimed mine lands and a nearby 
undisturbed reference site near Logan Lake, BC, Canada, in 2014.. ............................................ 34   
 
Figure 2.3. Provisioning rates of mountain bluebirds according to whether they were raising 
asynchronous (ASYNC) or synchronous (SYNC) broods on reclaimed mine lands (HVC) or 
on a nearby, undisturbed reference site (REF) near Logan Lake, BC, Canada in 2014. 
Marginal means (± SE) are presented and the sample sizes shown above the error bars 
indicate the number of broods within each treatment. ................................................................... 38 
 
Figure 2.4. The relationship between adult male body condition and provisioning rate (e.g., 
total visits per hour) of mountain bluebirds raising broods in either asynchronous (ASYNC) 
or synchronous (SYNC) experimental treatment groups (see Section 2.3.3). Positive values 
for condition represent birds in good condition, while negative values represent those in poor 
condition within the population (see Section 2.3.4). Provisioning rate represents the 
combined total number of visits per hour by both parents. The pattern was consistent across 
two breeding areas, which consisted of reclaimed mine lands and a nearby, undisturbed 
reference area near Logan Lake, BC, Canada in 2014. ................................................................. 39 
 
Figure 2.5. The average (± SE) provisioning rate in relation to prey size (small, medium, 
large) delivered to nestling mountain bluebirds in asynchronous (ASYNC) or synchronous 
(SYNC) experimental treatment groups while reared on reclaimed mine lands near Logan 
Lake, BC, Canada in 2014 (see Section 2.3.3).  ............................................................................ 40 
 
Figure 2.6. The relationship between hatching spread (i.e., difference in mass between the 
largest and smallest nestling on day 2) and the body condition of parent tree swallows 
breeding on reclaimed mine lands and a nearby undisturbed reference site near Logan Lake, 
BC, Canada in 2014. See section 2.3.4 for calculations of adult condition. All adults were 
captured when nestlings were from the ages of day 12 and 16 ..................................................... 41 
Figure 3.1. Example of experimental treatment groups for a clutch size of six, where eggs 
were either returned over two days following clutch completion to induce differential 
incubation (ASYNC-First and ASYNC-Last), or all returned on day 1 to ensure equal 
incubation time among eggs. Differences in hatching spread within the nest were predicted 
x 
 
on the premise that embryonic metabolism differed between eggs depending on laying order 
(See Section 3.3.3). The experiment was conducted on tree swallows (Tachycineta bicolor) 
breeding near Prince George, BC, in 2015 .................................................................................... 61 
Figure 3.2. The influence of experimental treatment groups on the hatching spread in broods 
of tree swallows (Tachycineta bicolor) breeding near Prince George, BC, Canada in 2015. 
Asynchronous broods were created by returning eggs to a nest box on day 1 and 2 following 
clutch completion, either by returning the last-laid eggs last (ASYNC-Last), or by returning 
the first-laid eggs last (ASYNC-First). Synchronous broods were created by returning all 
eggs to the nest box on day 1 following clutch completion (SYNC). Hatching spread is 
defined as the mass of the smallest nestling subtracted from the mass of the largest nestling 
(see Section 3.3.3). Marginal means (± SE) are presented along with the sample sizes 
(number of broods) above the error bars ....................................................................................... 62 
Figure 4.1. Mean (±SE) hatching spread according to whether broods of tree swallows 
hatched either asynchronously (ASYNC) or synchronously (SYNC) as the result of an 
experimental manipulation during the laying period near Prince George, BC, Canada in 2015. 
Hatching spread was defined as the difference in mass between the largest and smallest 
nestling in a brood on day 2. Sample sizes are indicated above the error bars (number of 
broods). .......................................................................................................................................... 79 
Figure 4.2. Mean (± SE) number of eggs that failed to hatch according to whether broods of 
tree swallows hatched either asynchronously (ASYNC) or synchronously (SYNC) as the 
result of an experimental manipulation during the laying period near Prince George, BC, 
Canada in 2015. Results are presented with two outliers included. Sample sizes are indicated 
above the error bars (number of clutches) ..................................................................................... 80 
Figure 4.3. The influence of hatching date (where 1 = 1 January) on mass of nestling tree 
swallows at day 16 according to whether broods were experimentally manipulated to hatch 
either asynchronously (ASYNC) or synchronously (SYNC, see Section 4.3) near Prince 
George, BC, Canada in 2015. Results are presented with an outlier included .............................. 82 
Figure 4.4. The influence of larval parasitic blow flies (Protocalliphora spp.) (average 
number of parasites per nestling) on the mass of nestling tree swallows at day 16 according to 
whether broods were experimentally manipulated to hatch either asynchronously (ASYNC) 
or synchronously (SYNC, see Section 4.3) near Prince George, BC, Canada in 2015. Results 
are presented with an outlier included ........................................................................................... 83 
Figure 4.5. The effect of weather on growth rate constants of mass for nestling tree swallows 
during the brood-rearing period, according to whether broods were experimentally 
manipulated to hatch asynchronously (ASYNC) or synchronously (SYNC, see Section 4.3) 
near Prince George, BC, Canada in 2015. The weather index was calculated by summing the 
standardized values of total precipitation (mm) and average daily temperature (°C), so that 
xi 
 
negative values represent cool, wet conditions and positive values represent warmer, drier 
conditions (see Section 4.3.5) ........................................................................................................ 85 
Figure 4.6. The influence of brood size on the ninth primary growth rate constants of 
nestling tree swallows according to whether broods were experimentally manipulated to 
hatch either asynchronously (ASYNC) or synchronously (SYNC; see Section 4.3) near 
Prince George, BC, Canada in 2015 .............................................................................................. 86 
 
Figure 4.7. The effect of weather on the probability of tree swallow nests successfully 
fledging near Prince George, BC, Canada in 2015. Broods from two different treatment 
groups that were experimentally induced to hatch asynchronously or synchronously were 
combined in this analysis due to negligible treatment effects. The weather index was 
calculated by summing the standardized values of total precipitation (mm) and average daily 
temperature (°C), so that negative values represent cool, wet conditions and positive values 






The completion of this thesis was only made possible by the assistance of many. The field 
logistics were made possible thanks to Dr. Erin O’Brien’s hidden talent as a master egg-
painter (i.e., how blue is a bluebird’s egg?), Dr. Russ Dawson’s rock-star ability for capturing 
birds, and their combined ingenuity for novel experiments. I am thankful to both of them for 
bringing me onto this project and for their advice and guidance throughout this process. Of 
course, this document only exists in its most logical, comprehensible form thanks to the 
feedback provided by my supervisory committee (Dr. Russ Dawson, Dr. Mark Shrimpton, 
and Dr. Erin O’Brien). I am also grateful to Dr. L. Scott Johnson for being my external 
examiner.   
 
I would like to thank Richard Doucette for facilitating the research at Highland Valley 
Copper, as well as Bob Bogula, Ray Town, and all the nest box trail monitors who gave us 
permission to use the boxes around Logan Lake. I am also grateful to Dale and Karen 
Steward of Prince George for allowing us access to their property and for periodically 
gracing us with their good humour during the height of field season.  
 
I am grateful to Kyla Seward and Jasmine Eadie for their field assistance in 2015, during 
which time they taught me that – when the going gets tough, you better sing. My graduate 
experience was made all the better thanks to my lab colleagues (Dr. Lisha Berzins, Ilsa 
Griebel, Jeannine Randall, Liana Schmader, Aija White, and Dan Williams), who provided 
moral support, shared their field experiences, assisted with draft editing, and helped me 
develop some of the ideas found in this document.  
 
Dr. Ché Elkin provided crucial feedback during the early phases of my statistical analyses, as 
well as helped me overcome an obstacle I had once thought impossible – my fear of 
statistical R programming. I also have Dr. Mike Rutherford to thank for igniting my interest 
in reclamation and remediation during my undergraduate years, which helped fuel my 
curiosity for learning how wildlife cope in disturbed environments.  
 
Funding for my research was provided by Teck Highland Valley Copper Partnership, the 
Mitacs Accelerate Internship Program, Natural Sciences and Engineering Research Council, 
Canada Foundation for Innovation, British Columbia Knowledge Development Fund, the 
University of Northern British Columbia (UNBC), and the District of Logan Lake. In 
addition, a number of scholarships helped me through the analysis and writing process, 
including the Jake McDonald Memorial Scholarship (courtesy of the BC Technical and 
Research Committee on Reclamation), the Rogers Sugary Bursary, and the UNBC Graduate 
Scholarship. Research protocols were approved by the UNBC Animal Care and Use 
Committee on behalf of the Canadian Council on Animal Care.  
The final shout-out goes to my amazing, personal support team. I credit my dad, Bob Sparks, 
for instilling in me the value of hard work and for reminding me that life is too short not to 
pursue your passion. My good friend, Shaam Semere, was my tireless cheerleader and sound 
board. Finally, I am most appreciative for the love and support of my partner, Allan Carson, 




1.1 Life History Strategies for Reproduction 
Life-history theory seeks to explain how organisms make trade-offs among traits competing 
for limited resources, such as growth, survival and reproduction, under fluctuating ecological 
conditions and pressures (Stearns 1989). Trade-offs that occur during the costly reproduction 
phase of life are particularly important, and usually require sufficient endogenous reserves 
and exogenous resources from the environment to successfully raise offspring (Martin 1987). 
Iteroparus organisms that have multiple breeding events in a lifetime must especially make 
life-history decisions that balance short-term reproductive success with long-term breeding 
and survival (Stearns 1989; Williams 1966). In breeding environments where food supplies 
may be unpredictable, maximizing fitness often requires flexible strategies for reproductive 
investment, especially for migratory species that arrive on their breeding grounds early in the 
season before peak resource availability is known (Abrahams 1986; Turner and McCarty 
1998). In response to limited resource availability, breeding organisms may reduce the 
number of offspring raised in a single breeding season (Lack 1947), lower investment in 
immune system function and self-maintenance (Kirk 1997; Baeta et al. 2008) or delay 
reproduction altogether if conditions are highly unfavourable (Tuljapurkar 1990). Strategies 
that allow flexibility in response to breeding conditions and resource availability may be 
crucial for an organism’s survival and reproductive success.   
Migratory bird species that breed in temperate regions are excellent models for 
assessing life-history trade-offs, since they must maintain sufficient energy reserves 
throughout the breeding period to raise young, avoid predation, and return to wintering 
grounds. Due to the high costs associated with self-maintenance (e.g., feather moult) and 
yearly migration, migratory birds are particularly vulnerable to changing environmental 
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conditions (Barta et al. 2008; Lindström 1999). There are a number of ways birds are thought 
to mediate the consequences of breeding in stochastic, potentially resource-constrained 
environments. Feather moult, which is usually initiated prior to migration, may be delayed 
until parents are on route to wintering grounds (Barta et al. 2008). The date that egg-laying 
commences (clutch initiation), as well as the total number of eggs laid (clutch size), also may 
be adjusted according to seasonal conditions and food availability (Perrins 1969; Daan et al. 
1988). Females can adjust brood conditions in the nest by skewing sex ratios to raise young 
that are less costly (e.g., the smaller sex in dimorphic species; Ingraldi 2005), or manipulate 
egg development time to create potentially beneficial hatching patterns and nestling size 
hierarchies in the nest (Clark and Wilson 1981). Since brood-rearing conditions are often 
contingent on patterns of female investment prior to hatching, this early period of 
development appears to be an important area of focus for assessing avian life-history 
strategies for coping with environmental challenges. As such, it is no surprise that hatching 
patterns have received considerable attention as potential mechanisms that allow females to 
maximize brood success while responding to inclement rearing conditions.    
Hatching asynchrony is a commonly observed pattern in birds with altricial young, 
and occurs when females commence incubation prior to clutch completion such that first-laid 
eggs begin being incubated before last-laid eggs (Clark and Wilson 1981). Nestlings from 
first-laid eggs therefore receive a head-start on post-natal growth and development, typically 
hatching first, and this results in visible size hierarchies in the nest (Clotfelter et al. 2000). 
Asynchronous hatching is not a phenomenon restricted to birds, as it has also been observed 
in many species of amphibians, reptiles, and insects (Ryan and Plague 2004; While et al. 
2007; Smiseth and Morgan 2009). As such, the topic of hatching asynchrony has generated a 
large field of research with numerous prospective explanations for its evolutionary origins 
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and significance (reviewed in Slagsvold 1986; Magrath 1990; Stenning 1996). Many of the 
prevailing hypotheses suggest that hatching asynchrony is an adaptive strategy for 
maximizing reproductive success in poor-quality environments; however, despite extensive 
empirical investigations, the evolutionary significance of hatching asynchrony remains 
equivocal.  
 
1.2 Hatching Patterns: Adaptation or Constraint? 
Lack’s (1947) ‘brood reduction’ hypothesis is among one of the most well-known and tested 
hypotheses for avian species, and suggests that hatching asynchrony facilitates brood 
reduction in times of food scarcity. In asynchronous broods, the smaller, last-hatched 
nestlings are unable to compete with their larger siblings and, as a result, are usually the first 
to perish in poor conditions with minimal cost to parents (Wiebe and Bortolotti 1995; 
Clotfelter et al. 2000). Studies testing Lack’s (1947) hypothesis have produced mixed results. 
For example, Magrath (1989) showed that asynchronous broods of blackbirds (Turdus 
merula) had higher fledging success in poor conditions compared to synchronous broods 
(i.e., nestlings all of similar size). Similarly, Wiebe and Bortolotti (1995) and Clotfelter et al. 
(2000) found that hatching asynchrony significantly affected the survival of last-hatched 
nestlings early in the brood-rearing period, which provided support for asynchrony as an 
efficient method of brood size adjustment. Brood reduction in American goldfinches (Spinus 
tristis) was found to occur more frequently in asynchronous nests than synchronous ones 
during poor conditions, regardless of the stage of the brood-rearing period (Skagen 1987).  
At odds with the ‘brood reduction’ hypothesis is evidence that suggests that synchronous 
hatching may provide the greater reproductive advantage. Despite brood reduction occurring 
in asynchronous broods of American goldfinches, the growth rates of nestlings were found to 
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be the highest in synchronous broods where young were of relatively equal size (Skagen 
1987). Nestling mass and size were also found to be larger in synchronous nests of great tits 
(Parus major) (Podlas and Richner 2013) and pied flycatchers (Ficedula hypoleuca) 
(Hillström and Olsson 1994) in poor conditions. Other experiments have found that 
asynchronous broods did not produce more nestlings compared to synchronous nests 
(Magrath 1990; Harper et al. 1992), raising doubts regarding the fitness benefits of rearing 
asynchronous broods. There have also been cases where synchronous broods were more 
common when food resources were not limited (Wiebe and Bortolotti 1994a), which 
supported Pijanowski’s (1992) call to update the brood reduction hypothesis to consider the 
idea that synchronous broods are more favourable in resource-abundant environments. 
Overall, there is support for the prediction that hatching asynchrony will increase the 
mortality rate of last-hatched nestlings under food stress, but evidence also suggests that 
asynchrony does not necessarily increase the success of an entire brood.  
Researchers have also examined whether hatching asynchrony may increase fitness 
by mechanisms other than brood reduction. The ‘peak load’ hypothesis proposes that the size 
hierarchy created by asynchronous hatching may spread out daily peak food demands in the 
nest, thereby resulting in energetic savings for parents (Hussell 1972). The peak load 
hypothesis has been supported in zebra finches (Taeniopygia guttata) where parental feeding 
rates were significantly lower for pairs raising asynchronous broods (Mainwaring et al. 
2014). Nevertheless, a study that calculated energy expenditures based on this strategy found 
that broods within the natural variation of asynchrony experienced only modest energy 
savings, therefore casting doubt on the peak load hypothesis as an ultimate cause for hatching 
asynchrony (Mock and Schwagmeyer 1990). 
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The ‘sibling rivalry’ hypothesis offers a different perspective on hatching asynchrony 
as an energy-saving mechanism, suggesting that the size hierarchies established in nests 
reduce the amount of nestling aggression, and therefore energy expenditure, by young and 
parents (Hamilton 1964; Hahn 1981). This hypothesis has found support in cattle egrets 
(Bubulcus ibis) that were observed fighting more frequently in synchronous broods (Mock 
and Ploger 1987), as well as by Wiebe and Bortolotti (1994b), who observed that 
synchronous broods of American kestrels (Falco sparverius) required more energy to rear 
compared to asynchronous broods with the same number of young. Conversely, Bryant and 
Tatner (1990) found no significant differences when directly measuring and comparing the 
energy expenditures of asynchronous and synchronous broods of blue-throated bee-eaters 
(Merops viridis).  
The brood reduction, peak load, and sibling rivalry hypotheses are just three of 
numerous adaptive explanations for hatching patterns, and indeed no single explanation may 
be relevant for all life-history scenarios. While most of the literature has approached hatching 
asynchrony as an adaptive strategy to balance reproductive trade-offs, other studies have 
suggested that the pattern may actually be non-adaptive. In support of the ‘feeding constraint’ 
hypothesis, Slagsvold and Wiebe (2007) found that smaller pied flycatcher (Ficedula 
hypoleuca) nestlings in asynchronous nests were unable to swallow large prey items that 
parents had delivered to accommodate the larger nestlings in the brood, which resulted in 
reduced growth and increased mortality. Arnold et al. (1987) demonstrated that egg 
hatchability in temperate-breeding waterfowl species declined the longer that incubation was 
delayed, suggesting that hatching asynchrony may be an unintended consequence of selection 
pressures on other reproductive processes. Other research has shown that females may try to 
counteract the disadvantages of hatching last by investing more resources in the last-laid 
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eggs, with one of the primary examples being the increase in egg mass with laying order 
(Wiggins 1990; but see Whittingham et al. 2007). Testosterone, which enhances nestling 
growth rate and aggression (Schwabl 1996), has also been shown to increase with laying 
order in some bird species (Schwabl 1993; Lipar et al. 1999). Intraclutch differences in 
maternal investment are at odds with hypotheses that assert hatching asynchrony is adaptive 
if the level of investment favours the last-laid eggs. These conflicting results suggest that 
further research is required to determine whether hatching asynchrony or synchrony is 
preferential in low-quality or stochastic breeding environments for successfully raising avian 
broods, or whether hatching patterns are unintended side effects of environmental constraints 
on breeding adults.  
 
1.3. Thesis Objectives and Definitions 
The primary objective of my research was to experimentally determine whether hatching 
patterns (i.e., asynchrony: presence of nestling size hierarchies; synchrony: absence of 
nestling size hierarchies) are an adaptation used to fine-tune reproductive effort and 
investment in low-quality breeding environments or, alternatively, whether hatching patterns 
are unintended consequences resulting from environmental constraints acting on breeding 
birds. To test this, I manipulated the amount of incubation time that eggs received during the 
laying period to induce asynchronous or synchronous hatching for two ecologically distinct 
species of songbirds, mountain bluebirds (Sialia currucoides) and tree swallows (Tacycineta 
bicolor).  
To assess whether environmental variation drives a particular hatching pattern, the 
experiment took place on reclaimed mine lands at Highland Valley Copper (HVC), and a 
nearby undisturbed reference area in the vicinity of Logan Lake BC. Food supplementation 
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experiments previously conducted on the mine had determined that the reclaimed lands were 
food-limited for mountain bluebirds in comparison to the reference site (O’Brien and 
Dawson 2016). In addition, synchronous hatching appeared to be common for bluebirds on 
the mine (O’Brien and Dawson 2013), despite asynchronous hatching considered the norm 
for this species (Power and Lombardo 1996). The observation lead to the question of whether 
synchronous hatching patterns provided an advantage for female bluebirds on the mine, as 
has been documented in some species. For example, synchronous hatching resulted in longer 
tarsi and higher fledging rates for nestling pied flycatchers, despite inclement conditions 
(Hillström and Olsson 1994). In contrast, reproductive performance of tree swallows on the 
mine was similar to those breeding on the undisturbed reference area (O’Brien and Dawson 
2016), suggesting the habitat for swallows was similar between the two areas.  
In contrast to mountain bluebirds, tree swallows did not hatch synchronous broods in 
response to the experimental manipulation in 2014 (see Chapter 2). It was uncertain whether 
the negligible treatment effects were related to the timing of the start of the experiment, or 
whether metabolic differences existed between the first- and last-laid eggs of a clutch such 
that embryos from last-laid eggs developed faster. Females may invest more resources in 
last-laid eggs to increase metabolic efficiency if it buffers the detrimental effects of hatching 
last in asynchronous broods (Hadfield et al. 2013). To clarify this, in 2015 I selectively 
fostered eggs between tree swallow nests to create hatching sequences that differed from 
laying sequences, while still attempting to experimentally induce asynchronous and 
synchronous hatching groups. If metabolic differences existed between the first- and last-laid 
eggs, then hatching asynchrony is more likely an environmental constraint, rather than an 
evolutionary adaptation for tree swallows. In both study years, phenotypic indicators of adult 
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condition and investment, as well as condition, growth, and fledging success of nestlings 
were measured for all experimental groups. 
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2. Investigating hatching patterns as adaptive mechanisms for improving the 
reproductive success of mountain bluebirds (Sialia currcuoides) and tree swallows 
(Tachycineta bicolor) breeding on reclaimed mine lands  
 
2.1 Abstract  
Hatching asynchrony is often considered to be an adaptive strategy for maximizing fitness in 
low-quality environments by way of brood reduction. To assess the effects of hatching 
patterns on breeding success within the context of environmental variation, I experimentally 
induced asynchronous (ASYNC) and synchronous (SYNC) hatching in mountain bluebirds 
(Sialia currucoides) and tree swallows (Tachycineta bicolor) breeding on reclaimed mine 
lands and a nearby, undisturbed reference area near Logan Lake, BC, Canada in 2014. The 
reclaimed mine lands had previously been documented as food-limited for bluebirds 
compared to the nearby reference site, but not for swallows. The experiment successfully 
created ASYNC and SYNC broods for bluebirds, but the majority of measures of nestling 
quality did not differ between treatments. Nestling bluebirds in the SYNC group, however, 
received larger prey items from parents, but at a lower rate. In addition, adult male bluebirds 
in better condition on the mine provisioned SYNC broods at a lower rate, perhaps as a self-
maintenance strategy in response to poor brood-rearing conditions. Tree swallows were 
unaffected by my treatments, suggesting that there may be other proximate mechanisms for 
asynchronous hatching other than incubation time. The relative size of nestling tree swallows 
on day 2 of the brood-rearing period was positively correlated with lengths of 9th primary 
feathers, the headbill length on day 16, and faster growth; in addition, the body condition of 
adult females increased with the degree of hatching asynchrony of their broods. Overall, my 
results suggest that hatching patterns are more likely the result of an environmental constraint 
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for mountain bluebirds, while tree swallows may adopt hatching asynchrony as a brood 
reduction strategy in poor conditions. Integrating measures of environmental cues early in the 
breeding season with avian life-history characteristics will be necessary to further understand 
the role of hatching patterns in low-quality environments. 
 
2.2 Introduction 
Hatching asynchrony is a well-documented phenomenon in many avian species that raise 
altricial young. Asynchronous hatching occurs when females begin incubation prior to clutch 
completion (Clark and Wilson 1981). As first-laid eggs begin to be incubated before last-laid 
eggs, they consequently hatch first and receive an advantage over last-hatched siblings in 
terms of growth (Clotfelter et al. 2000) and competition for food (Glassey and Forbes 2002). 
The size hierarchies that result from hatching asynchrony often influence brood dynamics 
and, therefore, hatching asynchrony has received much attention from researchers who have 
suggested numerous possibilities for its evolutionary significance (reviewed in Slagsvold 
1986; Magrath 1990; Stenning 1996). For example, the ‘brood reduction’ hypothesis is 
considered one of the main hypotheses for the evolution of hatching asynchrony and suggests 
that asynchrony may be an efficient method of brood reduction during periods of food 
scarcity (Lack 1947). Oftentimes, the last-hatched, and therefore smallest, nestlings are the 
first to perish under suboptimal conditions, with minimal cost to parents (Skagen 1987; 
Wiebe and Bortolotti 1995; Clotfelter et al. 2000), providing evidence for brood reduction as 
a strategy for maximizing reproductive success in poor breeding conditions. Hatching 
asynchrony has also been proposed as an energy-saving mechanism for parents; the ‘peak 
load’ hypothesis suggests that asynchrony spreads out the peak energy demands of nestlings 
(Hussell 1972), which has found some support in zebra finches (Taeniopygia guttata) that 
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exhibited lower provisioning rates in asynchronous broods (Mainwaring et al. 2014). 
Asynchronous hatching also may reduce sibling aggression, thereby reducing extraneous 
energy exerted by nestlings (Hamilton 1964; Hahn 1981), as suspected to be the case for 
cattle egrets (Bubulcus ibis) that were observed fighting more often in synchronous broods 
where nestlings were of similar size (Mock and Ploger 1987). 
While hatching asynchrony has been shown to be beneficial, in some cases hatching 
synchrony (e.g., relatively small size hierarchies within nests) may be the more optimal 
hatching pattern for reproductive success. For example, synchronous broods of pied 
flycatchers (Ficedula hypoleuca) were found to be in better condition and had higher survival 
rates compared to asynchronous broods irrespective of weather conditions, possibly due to 
increased parental effort and a more equitable distribution of food among nestlings 
(Hillström and Olsson 1994). Nestlings from synchronous broods of great tits (Parus major) 
also were found to be heavier and larger in size than asynchronous broods when raised in 
poor conditions (Podlas and Richner 2013). Synchronous nestlings that are of equal size may 
be more efficient to feed compared to nestlings in asynchronous broods, since smaller 
nestlings may have difficulty swallowing larger, more profitable, prey items (Slagsvold and 
Wiebe 2007).  
Alternatively, hatching patterns may be unintentional side effects of selection 
pressures acting on other reproductive processes. For example, early onset of incubation 
resulting in hatching asynchrony may be important for maintaining egg viability during the 
laying period (Arnold et al. 1987). Conversely, delayed onset of incubation resulting in 
hatching synchrony in poor habitats may be necessary for females to build up endogenous 
reserves in preparation for the energetic demands of incubation following clutch completion 
(Conway and Martin 2000).   
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The primary objective of my research was to experimentally test whether hatching 
patterns are an adaptation used to fine-tune reproductive effort and success when rearing 
conditions are poor or, alternatively, whether hatching patterns are an unintended 
consequence resulting from environmental constraints acting on breeding birds. I 
manipulated the onset of incubation in two ecologically distinct species of songbird, 
mountain bluebirds (Sialia currucoides) and tree swallows (Tachycineta bicolor), breeding 
on reclaimed lands of a large mining operation. The two species generally use different food 
sources to feed their young, with mountain bluebirds relying primarily on terrestrial 
invertebrates (Knowlton and Harmston 1946) and tree swallows on aerial insects with aquatic 
larval stages (Winkler et al. 2011). Compared to a nearby, undisturbed reference site, the 
mine has been shown to be food-limited for mountain bluebirds, while reproductive success 
of tree swallows on the mine was similar to that on the reference site (O’Brien and Dawson 
2016). Both species typically hatch asynchronously (Power and Lombardo 1996; Winkler et 
al. 2011), but mountain bluebirds have previously been observed hatching synchronous 
broods on the mine (O’Brien and Dawson 2013), which may have been a response to food 
limitation on the site (O’Brien and Dawson 2016). Therefore, given bluebirds are normally 
asynchronous, I predicted that if hatching synchrony is a non-adaptive consequence of 
females delaying incubation in response to food scarcity, then asynchronous broods should 
perform better than synchronous broods, particularly on the mine. Alternatively, if hatching 
synchrony is an adaptation for maximizing breeding success of mountain bluebirds in a low-
quality environment, then synchronous broods should provide a reproductive advantage for 
populations breeding on the reclaimed mine lands, while asynchronous broods should have a 
reproductive advantage on the reference site. Since tree swallows also normally hatch 
13 
 
asynchronously, I predicted that reproductive success of asynchronous broods would be 
higher compared to synchronous broods on both sites.  
 
2.3 Methods 
2.3.1 Study Species 
Mountain bluebirds and tree swallows are secondary cavity nesters that readily occupy nest 
boxes, making them ideal study subjects. Mountain bluebirds are sexually dimorphic thrushes 
(family Turdidae) that can be found throughout western North America (Power and 
Lombardo 1996), while tree swallows belong to the Hirundinidae family and can be found 
throughout North America (Winkler et al. 2011). There is overlap in habitat between the two 
species, with mountain bluebirds usually occupying grassland areas on the edge of mature 
forest while tree swallows prefer open grassland habitats, often near water bodies. Both 
species may opportunistically move into recently disturbed areas if sufficient nesting sites are 
available (Power and Lombardo 1996; Winkler et al. 2011). In my study areas, egg laying 
generally begins in late April to early May for mountain bluebirds and mid-May for tree 
swallows. Both species lay one egg per day and generally begin incubation when the 
penultimate egg within the clutch has been laid (Power and Lombardo 1996; Ardia et al. 
2006a; Winkler et al. 2011), although mountain bluebirds may begin partial incubation as 
early as the first or second egg (Johnson et al. 2013). The average incubation period for both 
species is 13 days, while the nestling period is approximately 18 – 21 days (Power and 
Lombardo 1996; Winkler et al. 2011). Laying order has been shown to be a significant 
predictor of hatching order for both species (Clotfelter et al. 2000; Johnson et al. 2013). For 
both species, only the females incubate but both parents provision young during the brood-
rearing period (Power and Lombardo 1996; Winkler et al. 2011). A portion of mountain 
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bluebirds will produce a second brood following successful fledging of first broods (Power 
and Lombardo 1996), but this is extremely rare in tree swallows (Winkler et al. 2011). Only 
first broods of mountain bluebirds were used in my study.  
 
2.3.2 Study Locations 
Research was conducted from May - August 2014 on the Bethlehem Tailings and Reclaim 
area (elevation 1200-1500 m) at Highland Valley Copper mine (HVC), the largest open-pit 
copper mining operation in Canada, with nearly 7000 ha of disturbed land (Highland Valley 
Copper 2011). HVC is located in the Interior Douglas-fir and Montane Spruce ecoregions of 
the southern interior of BC near the town of Logan Lake. Mountain bluebirds and tree 
swallows were also studied breeding in nest boxes at a nearby reference site in habitat 
undisturbed by mining operations along Tunkwa Lake Road and Highway 97C south 
(elevation 1000-1100 m) near Logan Lake, and along Highway 97D near Lac le Jeune 
(elevation 1200-1350 m). All nest box locations in the reference area were less than 70 km 
from HVC and habitat consisted of native grassland, agricultural land, wetlands, and patches 
of primarily softwood forests. Reference sites were chosen at elevations that coincided 
closely with HVC, since reproductive investment and success can vary for birds along 
elevational gradients (Johnson et al. 2006). 
Despite over 20 years of ongoing habitat restoration at HVC (Munro 1991), food 
supplementation experiments have shown that food scarcity is a constraint for mountain 
bluebirds occupying nest boxes on the mine, likely due to low numbers of terrestrial 
invertebrates (O’Brien and Dawson 2013; O’Brien and Dawson 2016). In contrast, restored, 
productive wetland areas are present at HVC (Hamaguchi et al. 2008), and reproductive 
performance of tree swallows breeding on the mine is similar to those on the reference site 
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(O’Brien and Dawson 2016). For these reasons, I considered HVC to be a relatively low-
quality habitat for mountain bluebirds, but not for tree swallows.  
 
2.3.3 Experimental Design 
Beginning near the end of April, nest boxes were checked daily to determine clutch initiation 
date. As soon as the first egg was laid in a box, a “storage” nest box was installed on a nearby 
fence post or tree if available, or else on the same fence post or tree as the “natal” nest box. 
The following day when the second egg was laid, both were swapped with artificial 
“dummy” eggs and placed in the storage box on a bed of nesting material fashioned into the 
shape of a nest cup. The nesting material in the storage boxes consisted of grasses similar to 
what mountain bluebirds and tree swallows typically use for nest construction (Stocek 1970; 
Power and Lombardo 1996). Coarse metal screen was installed over the entrance holes of the 
storage boxes to prevent parents and predators from entering storage boxes, while still 
maintaining temperature and humidity conditions similar to the natal box. Each additional 
egg was swapped with a dummy egg and placed in storage boxes on the morning they were 
laid until clutches were complete. Eggs in the storage box were turned twice daily along their 
longitudinal axis in an attempt to maintain their viability (Beissinger et al. 2005).  
When clutches were complete, I used an infrared hand-held thermometer to confirm 
that incubation of the dummy eggs had commenced (Beissinger et al. 2005). For every pair of 
nests, I randomly assigned them to either asynchronous or synchronous treatment groups. To 
create asynchronous nests (ASYNC), all but the last two eggs laid were returned in the 
morning on the second day of incubation; the last two eggs were then returned in the evening 
of day 3 of incubation. This timing was chosen to create a size hierarchy within broods that 
was relatively large but still within the range of natural variation for both species. To create 
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synchronous nests (SYNC), all eggs were returned on day 2 of incubation. Once the swap 
was complete, the natal nest box was checked the following day to ensure the female had not 
abandoned or laid another egg post-swap. Nest boxes were checked again daily beginning 12 
days later for mountain bluebirds and 11 days later for tree swallows to determine the exact 
hatching date, which I considered day 0 of the nestling period. Control boxes 
(unmanipulated) were also monitored for tree swallows on the reference site to assess the 
natural hatching spread in this population; however, no control boxes were established for 
mountain bluebirds on either study area, or for tree swallows at HVC, due to sample size 
restrictions. At HVC, the total number of boxes that were experimentally manipulated for 
mountain bluebirds was 30 (15 ASYNC and 15 SYNC), while 44 boxes were manipulated 
for tree swallows (21 ASYNC and 23 SYNC). A total of 41 nests of mountain bluebirds (20 
ASYNC and 21 SYNC) and 74 nests of tree swallows (23 ASYNC, 25 SYNC, and 26 
control) were used on the reference site.  
 
2.3.4 Parental Condition 
Morphometric measurements were collected from adult females and males by capturing them 
when nestlings were between the ages of day 10 and 15 for mountain bluebirds and day 8 and 
16 for tree swallows. Mass was measured using a spring scale (nearest 0.25 g), while lengths 
of the wing, tail, 8th (bluebirds) or 9th (tree swallows) primary flight feather, and outer rectrix 
were measured using a ruler (nearest 0.5 mm). Length of the tarsus (bluebirds only) and 
combined head and bill (hereafter ‘headbill’) were measured using digital calipers (nearest 
0.1 mm). All adults were banded with a single numbered aluminum band (unless previously 
banded), but bluebirds also received unique combinations of three additional coloured plastic 
leg bands. Previously banded birds were classified as being in their first breeding season (i.e., 
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second-year birds; SY) or older (after-second-year; ASY) according to banding records. For 
unbanded adult mountain bluebirds and female tree swallows, I classified each as being 
either SY or ASY according to plumage characteristics (Hussell 1983; Pyle 1997); SY male 
tree swallows cannot be distinguished from ASY using plumage coloration. Body condition 
index of adults was estimated using the residuals of a linear regression between mass and 
headbill (males: F1,64 = 3.77, P = 0.06, females: F1,65 = 28.3, P < 0.01) for mountain 
bluebirds, and between mass and headbill (males: F1,90 = 26.2, P < 0.01, females: F1,95 = 9.09, 
P < 0.01) as well as time of day when captured (males: F1,90 = 30.4, P < 0.01, females: F1,95 = 
7.13, P = 0.02) for tree swallows.  
 
2.3.5 Provisioning Rates 
Adult foraging and nestling provisioning are energetically costly activities that can be 
influenced by the degree of hatching spread in a nest (Wiebe and Bortolotti 1994b). Video 
recorders were used to document the number of feeding trips parents made to the box during 
the brood-rearing period. For mountain bluebirds, recordings were made on day 6-7 and on 
day 12-13, while for tree swallows, recordings were made when nestlings were 11 to 14 days 
old. Feeding rates for tree swallows have been found to be similar when nestlings are 
between 8 and 13 days old (Ardia et al. 2010).  
Recorders were set up on tripods in front of the box, partly concealed in grassy 
vegetation, and were operated for approximately 80 minutes during peak feeding between 
0700 and 1300 hrs (Kuerzi 1941; Power and Lombardo 1996). The number of feeding trips 
per hour was later quantified. All recordings were made in the absence of rain or severe 
windy conditions. As demonstrated in other studies of food provisioning (e.g., Bortolotti et 
al. 2011), adults appeared to acclimate to the presence of the video camera after a short 
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duration of time. Unless it was clear the adults were visiting the nest for a reason other than 
provisioning (e.g., territorial interaction), every trip to the box was counted as a feeding visit. 
In the case of tree swallows, one study found that only a small percentage (4.5 %) of visits 
did not result in nestling feeding (McCarty 2002). Invertebrates brought to the nest by 
mountain bluebirds were classified as either small (0 – 7 mm), medium (8 – 14 mm), or large 
(>15 mm). The same could not be done for tree swallows, as they usually deliver 
invertebrates to the nest as an unidentifiable bolus (Winkler et al. 2011).  
 
2.3.6 Nestling Condition and Success 
Nestlings were marked on their legs with unique colour combinations using non-toxic 
markers so that they could be tracked throughout the brood-rearing period, and were 
measured every two days (day 1 to 15 for mountain bluebirds, day 2 to 16 for tree 
swallows.). Mass was determined for both species using a spring scale (nearest 0.125 g), 
while digital calipers (nearest 0.1 mm) were used to measure the length of tarsus for nestling 
bluebirds and headbill for nestling tree swallows. A ruler (nearest 0.5 mm) was used to 
measure the length of the 8th primary for bluebirds from day 9 – 15 and the 9th primary for 
tree swallows from day 8 – 16. I then calculated growth rate constants using a logistic model 
for mass, a Gompertz model for tarsus and headbill, and a linear regression for 8th and 9th 
primary following Dawson and Bidwell (2005). Only data from nestlings with complete 
measurements were used for growth rates.  
Nestling mountain bluebirds were banded with a single aluminum band on day 13, 
and the length of the headbill was measured once on day 15. Nestling tree swallows were 
banded on day 12. Two iButton temperature loggers were installed in each box on the final 
measurement day (day 15 for bluebirds and day 16 for tree swallows), with one placed in the 
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nest cup to monitor nestling temperature and the second installed on the inside wall of the 
nest box to monitor ambient temperature. Data were plotted for each nest, and the day that 
the temperature of the nest cup tracked ambient temperature indicated the fledging of the 
final nestling in a nest and was considered the age of fledging for that brood.  
Nest boxes were checked to confirm fledging success on day 20 for mountain 
bluebirds and day 22 for tree swallows. Nests were collected and stored in sealed plastic bags 
for the purpose of quantifying loads of parasitic blow flies (Protocalliphora spp.), which can 
have detrimental effects on the growth and development of nestlings (Brown et al. 1995; 
O’Brien and Dawson 2008). Nests were stored for a minimum of seven days at room 
temperature to allow any larval blow flies to pupate and then transferred into paper bags and 
baked at 80 ºC for 24 hours. Nests were dissected to quantify the total number of pupae and 
puparia of blow flies in each nest. I then calculated the number of pupae and puparia per 
nestling and used that variable in subsequent analyses. 
 
2.3.7 Statistical Analyses 
Hatching spread for each nest was calculated by subtracting the mass of the smallest nestling 
from the mass of the largest nestling on day 1 for bluebirds and day 2 for swallows. The 
relative size of individuals within the size hierarchy was calculated as the z-score of each 
nestling’s mass within the nest. Treatment (ASYNC, SYNC) and area (HVC, REF) were 
used in all models for mountain bluebirds as categorical main effects. For tree swallows, 
however, there was no significant difference in hatching spread between ASYNC and SYNC 
groups (see Section 2.4.1), so instead of treatment I used either relative size to assess all 
individual-level response variables, or hatching spread (standardized using z-scores) to assess 
all brood-level response variables in models for tree swallows.  
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To assess the efficacy of the experiment, a general linear model was used to analyze 
the effect of treatment on hatching spread, with area as an additional categorical variable, and 
brood size and hatching date as covariates in models. For tree swallows, I also included the 
control group in the analysis. The effect of treatment on the proportion of eggs that failed to 
hatch was analyzed using a Poisson regression, which included area, treatment, clutch size, 
and clutch initiation date as covariates. Female condition can be influential on hatching 
outcomes (Wiebe et al. 1998); however, female condition was measured late in the brood-
rearing period in this study and was, therefore, no longer considered reflective of female 
condition at the start of the season.  
The effects of hatching patterns on the phenotypic traits of nestlings prior to fledging 
(day 15 for bluebirds, day 16 for tree swallows) and on growth rates were analyzed using 
linear mixed models (LMM) with a normal error distribution and Satterthwaite 
approximations. Models included treatment/hatching spread, area, hatching date, brood size, 
and parasite load. For growth rates of 9th primary feathers of tree swallows, I used clutch 
initiation date rather than hatching date to remove issues with multicollinearity. To account 
for model overdispersion, a binomial logistic regression was used to analyze the probability 
of nestlings successfully fledging the nest (all fledged vs one or more died), which included 
as independent variables treatment/hatching spread, area, brood size, hatching date, and 
parasite load. Nest parasite load (total pupae and puparia per nestling) was analyzed using 
negative binomial regressions, with treatment/hatching spread, area, hatching date, and brood 
size in the models. The age at fledging was analyzed using a general linear model that 
included treatment/hatching spread, area, brood size, hatching date, parasite load, condition 
of the parents, as well as the average length of the 8th/9th primary feather and headbill of the 
brood at day15/16 as independent variables.  
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General linear models were used to assess provisioning rate, and included 
treatment/hatching spread, area, brood size, hatching date, adult body condition, and age of 
nestlings when recordings were made. Time of day can influence provisioning rates 
(Bortolotti et al. 2011); however, this variable was correlated with area and was, therefore, 
excluded from the provisioning models. An LMM was used to assess the rate of provisioning 
according to sex and included treatment, area, hatching date, brood size, adult age and 
condition. Prey size was analyzed as a categorical response variable with three levels (small, 
medium, large) using a cumulative link mixed model (CLMM) fitted with the Laplace 
Approximation. Prey size was analyzed for bluebirds only and included treatment, area, sex, 
brood size, nestling age, adult condition, and provisioning rate as the predictors. General 
linear models were used to assess the effects of treatment/hatching spread on adult body 
condition, which included adult age, nestling age at time of capture, brood size, and hatching 
date as predictors. Since larger sample sizes were available for tree swallows, parasite load 
also was included as a covariate in the models for condition of adult tree swallows. Only 
adults that were captured when nestlings were between the ages of day 11 – 15 for mountain 
bluebirds, and day 12 – 16 for tree swallows, were included in analyses.  
Brood identity was included as a random factor in all LMMs and CLMMs to account 
for variation within the brood environment and for maternal effects among siblings. All 
analyzes were conducted in R v.3.3.2 (R Core Team 2016). LMM analyses were performed 
using ‘lme4’ (Bates et al. 2015) in combination with ‘lmerTest’ (Kuznetsova et al. 2016), 
while CLMM analyses were performed using the ‘ordinal’ package (Christensen 2015). All 
data were assessed for homogeneity and normality, and were Box-Cox transformed to meet 
model assumptions where necessary. Covariates were scaled and centered prior to running 
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the models (Schielzeth 2010). All models included first-order interactions between 
categorical variables, as well as between categorical variables and covariates.  
For all analyses, interactions and covariates that did not approach significance (P ≤ 
0.10) were removed from the models in a backwards, stepwise fashion; however, study area, 
treatment, and measures of asynchrony were always retained in the model. When a 
significant two-way interaction was found, I subsequently ran analyses after separating the 
data according to the categorical factor involved in the interaction.  
Likelihood ratio tests (estimated using ordinary least squares) were used to assess the 
significance of all models, except for the CLMM which estimated significance using the 
Wald statistic. All results were considered significant at P ≤ 0.05. Partial eta squared (nP2) 
was used to assess the effect sizes of general linear models. Least square means ± 1 standard 
error, parameter estimates, and effect sizes were reported. Local effect size of LMM 
variables were assessed using Cohen’s f2 (Selya et al. 2012), which was calculated using the 
marginal R2 (Nakagawa and Schielzeth 2013) values obtained from the ‘MuMIn’ package in 
R (Bartoń 2016). The standardized beta coefficients (β) were used to assess the effects of 
Poisson and negative binomial regressions, while odds ratios were used to assess the effects 
of variables in CLMM models.  
 
2.4 Results 
2.4.1 Effects of Experimental Treatment on Hatching Characteristics   
Broods of mountain bluebirds in the ASYNC treatment group had a significantly larger 
hatching spread compared to SYNC broods (F1,64 = 8.48, P < 0.01, nP2 = 0.12, Estimate = 
-0.29 ± 0.1, Fig. 2.1) with the degree of asynchrony highest for ASYNC groups on the REF 
site (F1,64 = 10.3, P < 0.01, nP2 = 0.14, Estimate = 0.20 ± 0.1). In addition, there was an 
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interaction between treatment and brood size that approached significance (F1,64 = 3.42, P = 
0.07, nP2 = 0.05, Estimate = -0.17 ± 0.1). To further explore this interaction, I analyzed the 
data separately by treatment and found that hatching spread was more likely to increase with 
larger brood sizes in ASYNC broods (F1,28 = 4.07, P = 0.05, nP2 = 0.14, Estimate = 0.39 ± 
0.2), but this was not the case for SYNC broods (F1,34 = 0.05, P = 0.82, nP2 < 0.01). In 
contrast, treatment did not significantly alter the degree of hatching spread for tree swallows 
(F2,95 = 1.03, P = 0.36, nP2 = 0.02, Fig. 2.1) and was unaffected by area (F1,95 = 1.10, P = 0.30, 
np2 = 0.01); however, hatching spread increased with larger brood sizes (F1,95 = 7.03, P < 
0.01, nP2 = 0.07, Estimate = 0.19 ± 0.1).  
There was a significant interaction between treatment and area for the analysis of 
hatchability of clutches of mountain bluebirds (Table 2.1). When the data were analyzed 
separately by area, ASYNC nests had more failure than SYNC nests at HVC (χ2 = 23.4, P < 
0.01, β = -1.19, Estimate = -2.22 ± 0.8), while no differences were found between ASYNC 
and SYNC nests on the REF site (χ2 = 53.2, P = 0.28, β = -0.25). For tree swallows, hatching 
failure was not significantly affected by treatment or area (Table 2.1).  
 
2.4.2 Nestling Condition, Growth, and Fledging Success   
Length of headbill on day 15 for mountain bluebird nestlings was not affected by treatment, 
but decreased in size with higher parasite loads, and was influenced by an interaction 
between area and hatching date (Table 2.2). When analyzed separately according to area, 
length of headbill of nestling bluebirds decreased with later hatching dates (F1,38.5= 6.60, P = 
0.01, f2 = 0.11, Estimate = -0.32 ± 0.1) and higher parasite loads (F1,39.1= 5.59, P = 0.02, f2 = 
0.10, Estimate = -0.29 ± 0.1) on the REF site, but not at HVC (hatching date: F1,25.4 = 0.43, P 
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= 0.52, f2 = 0.01; parasite load: F1,24.2 = 0.60, P = 0.45, f2 = 0.02). Lengths of the tarsi on day 
15 were not influenced by treatment or area for nestling bluebirds, but did decrease with later 
hatching dates (Table 2.2). Length of the 8th primary feathers on day 15 also were unaffected 
by treatment, but were significantly longer on the REF site and were found to decrease with 
later hatching dates (Table 2.2). Treatment did not influence mass of nestling bluebirds on 
day 15, but there was an interaction between area and hatching date (Table 2.2). When data 
were analyzed separately according to area, nestling mass at HVC increased with later 
hatching dates (F1,25.1= 4.39, P = 0.05, f2 = 0.09, Estimate = 0.75 ± 0.4) and was influenced 
by an interaction between treatment and parasite load (F1,23.6= 7.69, P = 0.01, f2 = 0.18, 
Estimate = -2.04 ± 0.7). When HVC data were analyzed according to treatment, mass was 
found to increase with higher parasite loads in ASYNC nests (F1,11.4 = 4.18, P = 0.06, f2 = 
0.29, Estimate = 1.17 ± 0.6), but was unaffected by parasite load in SYNC nests (F1,12.0 = 
2.82, P = 0.12, f2 = 0.11). Nestling mass on the REF site was unaffected by hatching date 
(F1,40.2 = 0.26, P = 0.61, f2 = 0.01), but there was an interaction between treatment and brood 
size (F1,42.1 = 3.56, P = 0.07, f2 = 0.06, Estimate = 1.59 ± 0.8). When REF data were analyzed 
separately by treatment, there was a positive relationship between mass on day 15 and brood 
size in SYNC nests, and a negative relationship in ASYNC nests, but these relationships 
were not significant (SYNC: F1,22.4 = 1.08, P = 0.31, f2 = 0.03, ASYNC:  F1,19.8 = 2.42, P = 
0.14, f2 = 0.08). 
Nestling tree swallows that were relatively larger in size (i.e., mass) on day 2 had 
longer headbills on day 16 (Fig. 2.2). The length of headbills of swallows on day 16 was 
larger on the REF site and there was a weak trend for length to decrease as parasite loads 
increased in the nest (Table 2.3). Mass of nestling tree swallows on day 16 was not 
influenced by relative size or area, but I detected an interaction between area and brood size 
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(Table 2.3). When the data were analyzed by area, mass on day 16 decreased with increasing 
brood sizes on the REF site (F1,39.0 = 5.12, P = 0.03, f2 = 0.07, Estimate = -0.48 ± 0.2), but not 
at HVC (F1,38.4 = 0.55, P = 0.46, f2 < 0.01). Length of 9th primary feathers on day 16 was 
positively related to relative size on day 2, was higher on the REF site, decreased with 
increasing parasite load in the nest, and was influenced by an interaction between area and 
hatching date (Table 2.3). When analyzed separately according to area, 9th primary feather 
length was negatively related to later hatching dates on the REF site (F1,34.4 = 4.27, P = 0.05, 
f2 = 0.09, Estimate = -1.34 ± 0.6), but tended to increase with later hatching dates at HVC 
(F1,32.8 = 3.83, P = 0.06, f2 = 0.06, Estimate = 1.08 ± 0.5). In addition, length of 9th primary 
feather decreased with higher parasite loads on the REF site (F1,34.4 = 4.37, P = 0.04, f2 = 0.09, 
Estimate = -1.36 ± 0.7), but remained unaffected by parasites at HVC (F1,32.2 = 0.32, P = 0.57, 
f2 = 0.006)  
The rate of growth of mass of nestling mountain bluebirds decreased with increasing 
brood sizes and later hatch dates (Table 2.4). In addition, mass growth was influenced by 
interactions between area and hatching date, as well as between treatment and parasite load 
(Table 2.4). When the data were analyzed separately according to area, nestling mass growth 
at HVC decreased with later hatching dates (F1,27.2 = 12.2, P < 0.01, f2 = 0.32, Estimate = 
-0.05 ± 0.01) and there was an interaction between treatment and parasite load (F1,26.9 = 5.03, 
P = 0.03, f2 = 0.13, Estimate = 0.07 ± 0.03). When the HVC data were analyzed separately 
according to treatment, there was a weak trend for growth of mass to decrease with 
increasing parasite loads in ASYNC nests (F1,11.6 = 3.39, P = 0.09, f2 = 0.24, Estimate = -0.03 
± 0.02), but not in SYNC nests (F1,15.5 = 1.26, P = 0.28, f2 = 0.13). Growth of mass of 
bluebirds on the REF site showed a trend for decreasing with later hatching dates (F1,40.3= 
4.26, P = 0.05, f2 = 0.07, Estimate = -0.02 ± 0.01). 
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Growth of tarsi was not influenced by treatment or area, but there was an interaction 
between area and hatching date (Table 2.4). When the data were analyzed separately by area, 
tarsi grew slower with later hatching dates (F1,27.1 = 16.7, P < 0.01, f2 = 0.43, Estimate = -0.03 
± 0.01) and larger broods (F1,24.9 = 5.51, P = 0.03, f2 = 0.20, Estimate = -0.02 ± 0.01) for 
nestling bluebirds at HVC; however, neither hatching date (F1,41.9 = 2.13, P = 0.15, f2 = 0.03) 
nor brood size (F1,46.8 = 0.60, P = 0.44, f2 = 0.01) had an effect on nestling bluebirds on the 
REF site. Growth rate of primary feathers of mountain bluebirds was not affected by 
treatment, but decreased with higher parasite loads and there was an interaction between area 
and hatching date (Table 2.4). When the data were analyzed separately according to area, 
there was a trend for primary feathers to grow slower with later hatching dates on the REF 
area (F1,39.3 = 3.46, P = 0.07, f2 = 0.06, Estimate = -0.15 ± 0.1), but was unaffected by parasite 
load (F1,39.9 = 0.67, P = 0.42, f2 = 0.01). In contrast, growth of primary feathers at HVC was 
unaffected by hatching date (F1,26.0 = 1.04, P = 0.32, f2 = 0.02), but showed a trend for 
decreasing with higher parasite loads (F1,25.4 = 3.23, P = 0.08, f2 = 0.08, Estimate = -0.17 ± 
0.1). Treatment did not influence the growth of feathers on either HVC or the REF area. 
Growth rates for mass of nestling tree swallows increased with relative size on day 2 
of the nestling period, and were influenced by an interaction between area and hatching date 
(Table 2.5). When the data was analyzed separately by area, growth of mass became slower 
with later hatching dates on the REF site (F1,35.3 = 5.98, P = 0.02, f2 = 0.11, Estimate = -0.03 ± 
0.01), but not at HVC (F1,37.3 = 0.06, P = 0.81, f2 < 0.01). Growth rates of the headbill of 
nestling tree swallows increased with increasing parasite load in the nest (Table 2.5); in 
addition, I detected a significant interaction between relative size at day 2 and area (Table 
2.5). When data were analyzed separately by area, there was a positive relationship between 
relative size of nestlings on day 2 of the nestling period and growth rates of their headbill at 
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HVC (F1,134.6 = 29.7, P < 0.01, f2 = 0.12, Estimate < 0.01 ± 0.002) but not on the REF site 
(F1,127.8 = 2.19, P = 0.14, f2 = 0.01). The growth rate of 9th primary feathers of tree swallows 
increased with their relative size on day 2 of the nestling period and with increasing brood 
size, and decreased with increasing parasite load in the nest (Table 2.5); however, there was 
an interaction between area and clutch initiation date. This interaction was the result of 
growth of 9th primary feathers increasing with later clutch initiation dates at HVC, and 
decreasing with later clutch initiation date on the REF site, although neither one of these 
relationships were significant (HVC: F1,29.6 = 2.38, P = 0.13, f2 = 0.33; REF: F1,35.2 = 2.48, P = 
0.12, f2 = 0.04).  
The probability of mountain bluebirds successfully fledging their broods (i.e., all 
nestlings left the nest) was not significantly influenced by treatment (χ2 = 90.6, P = 0.82, β = 
-0.09) or area (χ2 = 90.6, P = 0.19, β = 0.29), but there was a weak trend for lower fledging 
success with later hatching dates (χ2 = 87.8, P = 0.096, β = -0.96). Treatment had no effect on 
the age at which nestling bluebirds fledged from the nest (F1,55 = 1.84, P = 0.18, nP2 = 0.03), 
but broods fledged at a significantly older age at HVC compared to the REF site (F1,55 = 6.31, 
P = 0.02, nP2 = 0.10, Estimate = -0.71 ± 0.3).  
Hatching spread did not influence the probability of nestling tree swallows 
successfully fledging from the nest (χ2 = 89.3, P = 0.82, β = -0.13), although nests were more 
likely to completely fledge at HVC compared to the REF site (χ2 = 89.4, P = 0.01, β = -1.30, 
Estimate = -1.23 ± 0.5). The age at which nestling tree swallows fledged was neither 
influenced by hatching spread (F1,57 = 0.03, P = 0.86, nP2 < 0.01) nor area (F1,57 = 0.22, P = 
0.64, nP2 < 0.01); however, nestlings fledged at older ages when brood sizes were larger (F1,57 
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= 4.21, P = 0.04, nP2 = 0.07, Estimate = 0.22 ± 0.1) or length of  9th primary feathers was 
shorter at day 16 (F1,57 = 5.38, P = 0.02, nP2 = 0.09, Estimate = -0.32 ± 0.1).   
Parasite load in nests was not influenced by treatment in mountain bluebirds (χ2 = 
89.62, P = 0.92, β = -0.02), but was significantly higher on the REF site compared to HVC 
(χ2 = 89.63, P = 0.01, β = 0.05, Estimate = 0.52 ± 0.2) and increased with increasing brood 
sizes (χ2 = 83.4, P = 0.01, β = 0.07, Estimate = 0.34 ± 0.1). For tree swallows, parasite loads 
were not affected by hatching spread (χ2 = 92.0, P = 0.13, β = 0.04), but were significantly 
higher on the REF site compared to HVC (χ2 = 94.3, P = 0.01, β = 0.05, Estimate = 0.57 ± 
0.2).  
 
2.4.3 Parental Care and Condition  
The provisioning rate of both sexes of mountain bluebirds combined was significantly higher 
at HVC than the REF area (F1,54 = 12.3, P < 0.01, nP2 = 0.19, Estimate = -6.56 ± 1.7, Fig. 2.3) 
and increased with brood size (F1,54 = 21.9, P < 0.01, nP2 = 0.29, Estimate = 3.92 ± 0.9). In 
addition, there was an interaction between treatment and male condition (F1,54 = 4.21, P = 
0.05, nP2 = 0.07, Estimate = -3.15 ± 1.5). When data were analyzed separately by treatment, I 
found that provisioning rate decreased with increasing body condition of adult males for 
SYNC broods (F1,31 = 7.59, P < 0.01, nP2 = 0.20, Estimate = -2.55 ± 0.9; Fig. 2.4), but not in 
ASYNC broods (F1,21 = 0.49, P = 0.49, nP2 = 0.02). When I analyzed data for each parent, 
treatment did not have any effect on the rate of provisioning (F1,51.0 = 1.25, P = 0.27, f2 = 
0.01), but it was higher at HVC than the REF area (F1,51.0 = 31.1, P < 0.01, f2 = 0.32, Estimate 
= -4.83 ± 0.9), females provisioned more than males (F1,51.0 = 8.56, P < 0.01, f2 = 0.08, 
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Estimate = -2.36 ± 0.8), and the rate increased with larger brood sizes (F1,51.0 = 22.1, P < 0.01, 
f2 = 0.23, Estimate = 2.13 ± 0.5).  
Neither treatment (P = 0.75, Odds Ratio = 0.93) nor area (P = 0.77, Odds Ratio = 
0.93) had an effect on the size of the prey items that adult mountain bluebirds brought to the 
nest, but larger prey items were more likely to be brought to larger broods (P = 0.01, Odds 
Ratio = 1.36, Estimate = 0.31 ± 0.1) and were less likely to be delivered by parents in better 
condition (P = 0.09, Odds Ratio = 0.87, Estimate = -0.14 ± 0.1), although this latter trend was 
weak. An interaction was present between treatment and provisioning rate (P < 0.01, Odds 
Ratio = 0.49, -0.72 ± 0.2). When the data were analyzed separately according to treatment, 
larger prey items were more likely to be associated with lower provisioning rates for SYNC 
nests (P < 0.01, Odds Ratio = 0.50, Estimate = -0.69 ± 0.2, Fig. 2.5), but not for ASYNC 
nests (P = 0.19, Odds Ratio = 1.21, Fig. 2.5); in addition, larger prey items delivered to 
SYNC nests were more likely to be associated with larger brood sizes (P = 0.01, Odds Ratio 
= 1.54, Estimate = 0.43 ± 0.2) and less likely to be associated with adults in better condition 
(P = 0.05, Odds Ratio = 0.82, Estimate = -0.20 ±0.1) compared to ASYNC nests (brood size: 
P = 0.62, Odds Ratio = 1.09; adult condition: P = 0.71, Odds Ratio = 0.96).  
Provisioning rates of tree swallows were not affected by hatching spread (F1,57 = 2.61, 
P = 0.11, np2 = 0.04) or area (F1,57 = 2.98, P = 0.09, np2 = 0.05), but did significantly increase 
with brood size (F1,57 = 8.48, P < 0.01, np2 = 0.13, Estimate = 0.99 ± 0.3).  
The condition of female mountain bluebirds was not significantly influenced by 
treatment (F1,42 = 0.02, P = 0.90, np2 < 0.01) or area (F1,42 = 2.17, P = 0.15, np2 = 0.05), but 
older females were in better condition compared to their younger counterparts (F3,42 = 2.9, P 
= 0.04, np2 = 0.18, Estimate = 1.91 ± 1.0). Body condition of male bluebirds was not affected 
by treatment (F1,44 = 2.76, P = 0.10, np2 = 0.06) or area (F1,44 = 3.16, P = 0.08, np2 = 0.07). 
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Female tree swallows were in better body condition when the hatching spread in their nest 
was larger (F1,34 = 5.08, P = 0.03, np2 = 0.13, Estimate = 0.39 ± 0.2, Fig. 2.6), and were in 
better condition at HVC compared to the REF site (F1,34 = 4.20, P = 0.05, np2 = 0.11, Estimate 
= -0.66 ± 0.3). The condition of male tree swallows did not vary with hatching spread (F1,37 = 
0.07, P = 0.79, np2 < 0.01), but was significantly better at HVC than the REF area (F1,37 = 
4.51, P = 0.04, np2 = 0.11, Estimate = -0.51 ± 0.3). There also was a trend for males captured 
later in the brood-rearing period to be in better condition (F1,37 = 3.42, P = 0.07, np2 = 0.09, 
Estimate = 0.30 ± 0.2).  
 
2.5 Discussion 
2.5.1 Effects of Experimental Treatment on Hatching Characteristics   
My experiment was successful in manipulating the hatching spread of mountain bluebirds, 
creating broods that hatched either asynchronously or synchronously (Fig. 2.1). At HVC, 
mountain bluebirds in the ASYNC treatment group experienced poorer hatching success 
(Table 2.1), which may have been due to declining egg viability in first-laid eggs (Arnold et 
al. 1987) as a result of remaining in the storage box for an average period of 1 day longer 
(i.e., average 4 days for SYNC and 5 days for ASYNC) compared to first-laid eggs in the 
SYNC group. By comparison, first-laid eggs on the REF site remained in storage boxes for a 
longer period (i.e., average of 6 days) for both treatment groups, due to birds laying larger 
clutches compared to the mine. Regardless, declining egg viability may have been a greater 
risk at HVC due to microclimate differences between the two study sites; for example, the 
reclaimed mine lands may have experienced more wind and temperatures that fell below a 
critical threshold for maintaining egg viability (Arnold et al. 1987; Beissinger et al. 2005),  
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Species and Treatment Group























Figure 2.1. Mean (±SE) hatching spread of broods of mountain bluebirds (MOBL) and tree 
swallows (TRES) according to experimental treatment group where broods were either 
asynchronous (ASYNC), synchronous (SYNC), or part of an unmanipulated control group 
(CONTROL, TRES only; See Section 2.3.3) on reclaimed mine lands (HVC) or an 
undisturbed, reference area (REF) near Logan Lake, BC, Canada in 2014. Hatching spread 
was defined as the difference between the largest and smallest nestling in a brood on day 1 












Table 2.1. Results of Poisson regressions assessing the effects of an experimental treatment (asynchronous or synchronous hatching; 
see Section 2.3.3) on hatching failure in mountain bluebirds (MOBL) and tree swallows (TRES) breeding in two different study areas 
(reclaimed mine lands and a nearby, undisturbed reference site) in 2014 near Logan Lake, BC, Canada. The reference area and 
synchronous treatment were set as reference categories for the parameter estimates. Effect sizes are represented by the standardized 
beta coefficients (β). 
 
Species Response Variable  Predictor  χ2 P β Estimate ± SE 
MOBL Hatching Failure  Treatment 81.6 <0.01 -1.22 -2.25 ± 0.8 
  
Area 92.0 0.84 -0.36 
 
  
Clutch Size 78.0 0.06 0.34 0.32 ± 0.2 
  
Area*Treatment 73.5 0.03 0.84 1.68 ± 0.9 
       TRES Hatching Failure  Treatment 93.6 0.73 0.03 




Table 2.2. Results of linear mixed models assessing the effects of predictors on mass and size at day 15 for nestling mountain 
bluebirds in two different areas (reclaimed mine lands or a nearby, undisturbed reference area) near Logan Lake, BC, Canada in 2014. 
Treatment groups consisted of broods either manipulated to hatch asynchronously or synchronously (see Section 2.3.3). Brood identity 
was included in all models as a random effect to account for variation within the brood environment and for maternal effects among 
siblings. The synchronous treatment and reference study area were set as reference categories for the parameter estimates. Effect sizes 
between variables are represented by Cohen's f2. 
 
Response Variable Predictor  df F P f2 Estimate ± SE 
8th Primary Feather Length (mm) Treatment  1,66.6 0.33 0.57 <0.01 
 
 
Area 1,66.7 4.69 0.03 0.05 2.38 ± 1.1 
 
Hatch Date 1,67.0 3.34 0.07 0.03 -0.97 ± 0.5 
       
Tarsus Length (mm) Treatment  1.62.5 0.07 0.79 <0.01 
 
 
Area 1,62.5 0.46 0.50 <0.01 
 
 
Hatch Date 1,63.0 3.56 0.06 0.03 -0.12 ± 0.1 
       Headbill Length (mm) Treatment  1,63.4 2.42 0.13 0.03 
 
 
Area 1,64.9 6.49 0.01 <0.01 0.61 ± 0.2 
 
Hatch Date 1,65.5 0.55 0.46 <0.01 
 
 
Parasite Load 1,63.7 4.76 0.03 0.05 -0.23 ± 0.1 
 Area * Hatch Date 1,65.5 3.83 0.06 0.04 -0.46 ± 0.2 
       
Mass (g) Treatment 1,66.1 1.14 0.29 0.01 
 
 
Area 1,66.8 0.05 0.83 <0.01 
 
 
Hatch Date 1,67.9 1.43 0.24 <0.01 
 
 
Area * Hatch Date 1,67.8 3.06 0.08 0.03 -1.37 ± 0.8 































Figure 2.2. The influence of relative size on the combined length of head and bill for nestling 
tree swallows on day 16. Relative size is represented as the z-score of nestling mass on day 2 
relative to the brood, with zero representing the mean mass of the brood. Nestlings included 
in the analysis were from populations breeding on both reclaimed mine lands and a nearby 
undisturbed reference site near Logan Lake, BC, Canada, in 2014.  
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Table 2.3. Results of linear mixed models assessing the effects of predictors on mass and size at day 16 for nestling tree swallows 
breeding in two different areas (reclaimed mine lands or a nearby, undisturbed reference area) in 2014 near Logan Lake, BC, Canada. 
Relative size represents nestling mass on day 2 relative to other nestlings within the brood. Brood identity was included in all models 
as a random effect to account for variation within the brood environment and for maternal effects among siblings. The reference study 
area was set as the reference category for the parameter estimates. Effect sizes are represented by Cohen's f2. 
 
Response Variable Predictor  df F P f2 Estimate ± SE 
9th Primary Feather Length (mm) Relative Size 1,262.2 206.5 <0.01 0.28 2.35 ± 0.2 
 
Area 1,69.9 5.63 0.02 <0.01 2.07 ± 0.9 
 
Hatch Date 1,67.9 0.07 0.80 <0.01  
 
Parasite Load 1,67.5 4.52 0.04 0.04 -0.96 ± 0.5 
 
Area*Hatch Date 1,67.4 9.60 <0.01 0.09 -2.66 ± 0.9 
       Headbill Length  (mm) Relative Size 1,266.5 20.5 <0.01 0.04 0.13 ± 0.03 
 
Area 1,69.0 4.24 0.04 0.03 0.22 ± 0.1 
 
Parasite Load 1,65.6 2.92 0.09 0.02 -0.09 ± 0.05 
      
 
       Mass  (g) Relative Size 1,267.6 1.28 0.26 <0.01 
 
 
Area 1,66.8 2.39 0.13 <0.01 
 
 
Brood Size 1,77.8 1.30 0.26 <0.01 
 
 
Area*Brood Size 1,77.7 4.70 0.03 0.04 -0.61 ± 0.3 
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Table 2.4. Results of linear mixed models assessing the effects of predictors on the growth rate constants of mass, tarsus, and 8th 
primary feathers of nestling mountain bluebirds raised in two different areas (reclaimed mine lands and a nearby, undisturbed reference 
area) in 2014 near Logan Lake, BC, Canada. Treatment groups consisted of broods either manipulated to hatch asynchronously or 
synchronously (see Section 2.3.3). Brood identity was included in all the models as a random effect to account for variation within the 
brood environment and for maternal effects among siblings. The synchronous treatment and reference area were set as reference 
categories for the parameter estimates. Effect sizes between variables are represented by Cohen's f2. 
 
Response Variable Predictor  df F P f2 Estimate ± SE 
Mass Growth Rate Treatment 1,66.4 0.36 0.55 <0.01 
 
 
Area 1,68.2 1.35 0.25 <0.01 
 
 
Brood Size 1,69.3 6.87 0.01 0.07 -0.02 ± 0.01 
 
Hatch Date 1,68.0 17.0 <0.01 <0.01 -0.06 ± 0.02 
 Parasite Load 1,66.7 0.54 0.47 <0.001  
 
Area*Hatch Date 1,67.3 3.30 0.07 0.03 0.04 ± 0.02 
 Treatment*Parasite Load 1,65.9 3.00 0.09 0.04 0.03 ± 0.02 
       Tarsus Growth Rate Treatment 1,64.3 1.46 0.23 0.01 
 
 
Area 1,71.0 2.74 0.10 <0.01 
 
 
Brood Size 1,68.7 3.53 0.06 0.03 -0.01 ± 0.004 
 
Hatch Date 1,74.7 20.5 <0.01 <0.01 -0.04 ± 0.01 
 
Area * Hatch Date 1,73.8 10.3 <0.01 0.08 0.03 ± 0.01 
       8th Primary Feather Growth Rate Treatment 1,64.7 0.67 0.42 0.01 
   Area 1,67.1 8.12 0.01 <0.01 0.44 ± 0.2 
 Hatch Date 1,67.0 0.16 0.69 <0.01  
 Parasite Load 1,65.9 3.19 0.08 0.03 -0.12 ± 0.07 
 Area * Hatch Date 1,67.1 3.17 0.08 0.03 -0.26 ± 0.2 
       
37 
 
Table 2.5. Results of linear mixed models assessing the effects of predictors on the growth rate constants of mass, tarsus, and 9th 
primary feathers of nestling tree swallows being raised in two different areas (reclaimed mine lands and a nearby, undisturbed 
reference area) in 2014 near Logan Lake, BC, Canada. Relative size represents nestling mass on day 2 relative to other nestlings within 
the brood (see Section 2.3.7). Brood identity was included in all the models as a random effect to account for variation within the 
brood environment and for maternal effects among siblings. The reference area was set as the reference category for the parameter 
estimates. Effect sizes between variables are represented by Cohen's f2. 
 
Response Variable Predictor  df F P f2 Estimate ± SE 
Mass Growth Rate Relative Size 1,264.0 51.4 <0.01 0.08 0.02 ± 0.003 
 
Area 1,74.3 3.10 0.08 <0.01 0.03 ± 0.02 
 
Hatch Date 1,72.6 4.75 0.03 <0.01 -0.002 ± 0.01 
 
Area*Hatch Date 1,72.6 3.59 0.06 0.03 -0.03 ± 0.02 
       Headbill Growth Rate Relative Size 1,262.4 22.1 <0.01 <0.01 0.01 ± 0.002 
 
Area 1,70.6 0.48 0.49 <0.01 
 
 
Parasite Load 1,67.2 7.33 0.01 0.05 0.006 ± 0.002 
 
Area*Relative Size 1,262.3 6.04 0.01 0.01 -0.006 ± 0.002 
       
9th Primary Feather Growth Rate Relative Size 1,257.5 55.1 <0.01 0.10 0.11 ± 0.02 
 
Area 1,68.5 3.91 0.05 <0.01 0.13 ± 0.1 
 Brood Size 1,72.8 3.82 0.05 0.03 -0.06 ± 0.03 
 
Initiation Date 1,66.6 0.34 0.56 <0.01 
 
 
Parasite Load 1,65.9 4.91 0.03 0.04 -0.08 ± 0.04 
  Area*Initiation Date 1,65.6 6.16 0.02 0.05 -0.16 ± 0.07 


































Figure 2.3. Provisioning rates of mountain bluebirds according to whether they were raising 
asynchronous (ASYNC) or synchronous (SYNC) broods on reclaimed mine lands (HVC) or 
on a nearby, undisturbed reference site (REF) near Logan Lake, BC, Canada in 2014. 
Marginal means (± SE) are presented and the sample sizes shown above the error bars 






































Figure 2.4. The relationship between adult male body condition and provisioning rate (e.g., 
total visits per hour) of mountain bluebirds raising broods in either asynchronous (ASYNC) 
or synchronous (SYNC) experimental treatment groups (see Section 2.3.3). Positive values 
for condition represent birds in good condition, while negative values represent those in poor 
condition within the population (see Section 2.3.4). Provisioning rate represents the 
combined total number of visits per hour by both parents. The pattern was consistent across 
two breeding areas, which consisted of reclaimed mine lands and a nearby, undisturbed 

































Figure 2.5. The average (± SE) provisioning rate in relation to prey size (small, medium, 
large) delivered to nestling mountain bluebirds in asynchronous (ASYNC) or synchronous 
(SYNC) experimental treatment groups while reared on reclaimed mine lands near Logan 



























Figure 2.6. The relationship between hatching spread (i.e., difference in mass between the 
largest and smallest nestling on day 2) and the body condition of parent tree swallows 
breeding on reclaimed mine lands and a nearby undisturbed reference site near Logan Lake, 
BC, Canada in 2014. See section 2.3.4 for calculations of adult condition. All adults were 
captured when nestlings were from the ages of day 12 and 16. 
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due to the landscape being more open and exposed from previous mining activities. 
However, weather data are required to confirm this suspicion. 
In contrast, my experiment did not alter hatching spread for tree swallows, and 
specifically did not create broods that hatched synchronously (Fig. 2.1). One possible reason 
for this result may have been that my experimental methods (i.e., egg removal) did not begin  
until day 2 of the egg-laying period, leaving a window of time in which partial incubation 
may have occurred just prior to egg removal. Partial incubation is defined as incubation that 
is less consistent than full onset incubation, but that still results in embryonic development 
(Wang and Beissinger 2011). It is well accepted that variation in incubation behaviour exists 
among species (Wang and Beissinger 2009) and, in tree swallows, full incubation generally 
begins with the penultimate egg (Winkler et al. 2011); however, intraspecific variation in 
incubation is becoming increasingly recognized as a possible mechanism by which females 
are able to respond to changing environmental conditions. Female tree swallows may initiate 
incubation early to prevent the loss of egg viability with increasing ambient temperatures 
(Ardia et al. 2006a), or as a method of facilitating brood reduction in response to 
deteriorating conditions (Zach 1982). For example, later hatching dates often are associated 
with declining food resources and lower ambient temperatures, which can decrease the 
probability of fledging success (Van Noordwijk et al. 1995). 
Alternatively, lack of significant treatment effects in tree swallows may have been the 
result of differential investment in eggs. In some years, tree swallows increase yolk size with 
laying order (Unger 2016), suggesting that egg investment may vary with environmental 
conditions and food availability during the laying period. If hatching asynchrony is an 
unintended consequence of constraints, then females may try to counter this through 
increased investment in last-laid eggs. This was shown to be the case in blue tits (Cyanistes 
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caeruleus) where late-laid eggs experienced faster rates of development compared to their 
early-laid counterparts, suggesting that egg composition may be responsible for mediating 
age hierarchies in the nest (Hadfield et al. 2013). If this occurred for tree swallows in my 
study, then the last-laid eggs may have resulted in larger nestlings in SYNC nests where all 
eggs supposedly received equal incubation time. Further investigation is required to 
understand the proximate influences that result in hatching asynchrony in tree swallows (see 
Chapter 3).  
 
2.5.2 Nestling Condition, Growth, and Fledging Success   
Condition and growth of nestlings prior to fledging often predicts recruitment into the 
breeding population (Gerbhardt-Henrich and Richner 1998; McCarty 2001); however, the 
nestling growth variables for mountain bluebirds were not influenced by treatment, 
suggesting that hatching patterns are not necessarily a strategy for enhancing nestling 
performance.  
For tree swallows, the relative size of nestlings on day 2 of the brood-rearing period 
influenced all growth variables (Table 2.5), as well as length of headbills and 9th primary 
feathers at day 16 (Table 2.3). This is consistent with other studies of growth patterns of tree 
swallows (Zach 1982; Clotfelter et al. 2000; Johnson et al. 2003), which may support a brood 
reduction strategy; however, fledging success and age of fledging were unaffected by brood 
hatching spread, suggesting that last-hatched young were still able to leave the nest despite 
any disadvantages of being reared in asynchronous nests. In such cases, last-hatched 
nestlings may be able to compensate for their size by other traits, such as by having stronger 
immune systems (Unger 2016) or higher circulating levels of testosterone to help them 
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compete with their older siblings (Schwabl 1996). Alternatively, conditions at HVC and the 
REF site may not have been severe enough in 2014 to result in large-scale brood reduction.  
Hatching asynchrony may also influence the prevalence and intensity of ectoparasite 
loads in nests. The ‘tasty chick’ hypothesis proposes that parasites will aggregate on the 
smallest, immunocompromised nestlings in asynchronous nests, while the older brood 
members remain relatively parasite-free (Christe et al. 1998). Christe et al. (1998) found a 
significant positive relationship between T-cell immune response and body condition in 
nestling house martins (Delichon urbica), which served as preliminary evidence that smaller 
nestlings may be more vulnerable to parasites; however, treatment/hatching spread did not 
significantly influence parasite load in my study. My results did suggest that nestling 
bluebirds in the ASYNC group at HVC that were subjected to higher parasite loads were 
heavier on day 15. This result could be evidence that younger, more vulnerable nestlings 
allowed for older siblings to grow unhindered (Christe et al. 1998); however, O’Brien and 
Dawson (2009) found that parasites were more likely to affect the middle-ranked nestlings 
rather than the smallest in mountain bluebirds. Alternatively, higher numbers of parasites at 
HVC may have been found in areas of relatively productive habitat or favourable 
microclimate, which may have also been reflective of better food sources that parents were 
able to take advantage of, with ASYNC broods benefiting the most. Further research is 
required to determine if hatching asynchrony helps mediate the detrimental effects of 
parasites in some species.   
 
2.5.3 Parental Care and Condition 
The peak load hypothesis suggests that asynchronous nests are more energetically efficient to 
raise when demands of the brood peak compared to synchronous nests (Hussell 1972). If so, I 
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would have expected to see a difference in adult condition between the ASYNC and SYNC 
groups, especially in poor conditions; however, despite evidence of poor rearing conditions at 
HVC, the body condition of adult mountain bluebirds did not differ according to treatment or 
area. Instead, the energetic savings accrued by parents may have been negligible, or parents 
may have favoured a self-maintenance strategy as was suspected to be the case during 
previous research at HVC. During a poor season at the mine, nestlings were smaller and 
lighter despite receiving supplemental food, suggesting that parents either favoured the 
nestlings with the greatest fitness value, or prioritized self-maintenance over brood success 
once a certain threshold of reproductive effort had been reached (O’Brien and Dawson 2016). 
In contrast, the body condition of female tree swallows was higher when hatching 
asynchrony in the nest increased (Fig. 2.6), providing some support for the peak load 
hypothesis (Hussell 1972; Mock and Schwagmeyer 1990).  
Breeding is an energetically expensive activity (Drent and Daan 1980) that may also 
impart physiological costs to adults, independent of mass and size, through processes such as 
oxidative stress, which can supress immune function and compromise reproductive success 
and survival (Alonso-Alvarez et al. 2004; Costantini and Møller 2009; Fowler and Williams 
2017). Therefore, the rate at which food is brought to nestlings can be informative regarding 
the cost of brood rearing. Hatching spread did not influence the rate of provisioning for tree 
swallows and their rate of feeding was only slightly higher on the REF site compared to 
HVC. In contrast, the rate of provisioning was significantly higher for mountain bluebirds at 
HVC across both treatment groups (Fig. 2.3), implying that higher quality prey items may 
have been more difficult to find. Higher feeding rates are often associated with smaller, less 
nutritious prey items delivered to the nest, and require parents to make a greater number of 
trips to meet the requirements of nestlings (Nour et al. 1998; Grieco 2002; Lifjeld 1989). In 
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addition, provisioning rates decreased as the condition of adult male bluebirds increased in 
SYNC nests on both areas (Fig. 2.4). Adult male bluebirds in good condition may spend 
more time acquiring extra-pair copulations instead of feeding (O’Brien and Dawson 2010); 
however, that this effect occurred only in SYNC nests may be evidence for the ‘sexual 
conflict hypothesis’, which proposes that females may have asynchronous broods to force the 
male to commit to feeding earlier in the season and for longer (Slagsvold and Lifjeld 1989). 
The sexual conflict hypothesis has found support in studies on burying beetles (Nicrophorus 
vespilloides; Ford and Smiseth 2016), but not in American robins (Turdus migratorius; 
Slagsvold 1997), suggesting further study is required. Another explanation may be that 
SYNC nests require more effort to feed (Mock and Schwagmeyer 1990), especially if all 
nestlings reach their peak energetic requirements at the same point in time (Hussell 1972; 
Mock and Schwagmeyer 1990). If so, then male mountain bluebirds may have responded by 
prioritizing self-maintenance rather than expending the additional effort to meet the high 
demands (O’Brien and Dawson 2016). Female bluebirds fed at higher rates compared to 
males in this study, which may have been in compensation to reduced male care.  
Prey composition and size are important to optimal foraging if those traits can be 
leveraged to maximize the net rate of energy intake (Pyke 1984).This may explain why 
parents often prefer larger, more profitable prey items (Slagsvold and Wiebe 2007), but can 
flexibly adjust prey size with nestling size if necessary (Pelletier et al. 2016). For SYNC 
nests, larger prey items were brought to nests at the cost of lower delivery rates (Fig. 2.5), as 
found in other studies (Nour et al. 1998; Grieco 2002; Lifjeld 1989); however, there was no 
relationship between prey size and provisioning rate for ASYNC nests (Fig. 2.5). If SYNC 
broods contained nestlings that were all equal in size, then parents may have had to work 
harder to find larger prey items to satiate nestlings. Smaller nestlings typically receive 
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smaller prey items from parents (Royama 1966). As such, parents raising ASYNC nests may 
have been able to incorporate a greater number of smaller prey items in their deliveries while 
still being able to satiate all members of the brood.  
 
2.5.4 Effects of Environmental Variation 
The two species differed in how they were affected by the area they bred on. In conjunction 
with higher provisioning rates (Fig. 2.3), nestling mountain bluebirds were structurally 
smaller near fledging (Table 2.2) and had slower rates of growth for feathers and tarsi (Table 
2.4) at HVC regardless of treatment groups, suggesting that HVC was a poor-rearing 
environment, possibly as a result of food limitations (O’Brien and Dawson 2016). Mountain 
bluebirds feed primarily on invertebrates, such as beetles (Coleoptera), grasshoppers 
(Orthoptera), ants (Formicidae), and larval butterflies and moths (Lepidoptera) (Knowlton 
and Harmston 1946), all of which have life cycles that depend on terrestrial ecosystems 
(Pettersson et al. 1995). O’Brien and Dawson (2013) found that mountain bluebirds at HVC 
were more likely to bring smaller items to the nest, such as flies (Diptera) and beetles, and 
fewer larval butterflies/moths compared to bluebirds on the REF site. Revegetation of mine 
lands has been ongoing for over 20 years at HVC with some success; however, it has been 
suggested that issues with water-holding capacity of soils on some areas of the mine has 
resulted in challenges with maintaining vegetation structure without the use of fertilizer 
inputs (Jones et al. 2003). As such, my results may be an indicator that some of these 
challenges are still ongoing, possibly resulting in a lower quantity or diversity of terrestrial 
invertebrates at HVC.   
In contrast, tree swallow nestlings performed better at HVC compared to nestlings on 
the REF site (Table 2.3, Table 2.5). Tree swallows feed primarily on aerial insects that have 
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an aquatic larval stage, such as flies, mayflies (Ephemeroptera), and caddisflies (Trichoptera) 
(Winkler et al. 2011). Efforts to create aquatic systems (e.g., Trojan Pond) that supports 
plants, fish, and aquatic invertebrates have been successful (Hamaguchi et al. 2008) and may 
be an indication that food abundance is less of an issue for tree swallows at HVC (O’Brien 
and Dawson 2016). Food scarcity, however, is not likely the reason for the lower 
performance of tree swallows on the REF site. Previous sampling efforts of aerial insect 
abundance across both study sites found that that there was no difference in abundance 
between HVC and the REF site (O’Brien and Dawson 2013); however, despite a similarity in 
abundance, there may be a difference in nutrient quality between the two sites, which may be 
important for long-term nestling performance (Krebs and Avery 1984; Bidwell and Dawson 
2005; Twining et al. 2016)  
Rather than food limitations, reduced performance of nestling tree swallows on the 
REF site may be related to parasite load, which was significantly higher on the REF site for 
both species. Abundance of parasitic blow flies (Protocalliphora spp.) have been shown to be 
correlated with nest characteristics, such as feather-lining (Dawson et al. 2011) and, 
therefore, it is more likely that HVC lacked the environmental characteristics and avian 
population density that would support high numbers of these parasites. The feeding activities 
of ectoparasites can reduce the size and condition of nestlings just prior to fledging (Roby et 
al. 1992; Nilsson 2003) and may, therefore, lower parental reproductive investment upon 
detection (O’Brien and Dawson 2005). Compared to mountain bluebirds at these study sites, 
nestling tree swallows were more likely to harbor subcutaneous larval blow flies 
(Trypocalliphora braueri) with the ability to penetrate and damage body tissues (pers. 
observ.), which may have potentially increased the detrimental effects of infestations. Higher 
parasite loads in nests were found to reduce nestling condition both for swallows and 
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bluebirds (Table 2.2, Table 2.3); however, growth was only significantly affected by 
parasites for nestling tree swallows (Table 2.5), possibly due to energetic trade-offs between 
growth and immune function (O’Brien and Dawson 2008). Therefore, parasite load on the 
REF site may have had greater ramifications on performance of tree swallows compared to 
mountain bluebirds.  
 
2.5.5 Conclusion 
The mechanism responsible for hatching patterns may provide some evidence for the 
adaptive significance of size hierarchies in the nest. My treatment was successful in creating 
asynchronous and synchronous broods for mountain bluebirds (Fig. 2.1), confirming that 
differential incubation is the primary mechanism for hatching patterns in this species. The 
absence of treatment effects on tree swallows (Fig. 2.1) suggest that females may use another 
method of control over brood dynamics, such as differential investment in egg composition 
to offset the detrimental effects of hatching asynchrony (Hadfield et al. 2013) or, 
alternatively, initiation of partial incubation to maintain egg viability (Arnold et al. 1987; 
Wang and Beissinger et al. 2011). Further investigation is required to understand the 
proximate influences on hatching spread for tree swallows (see Chapter 3).   
The lack of treatment effects on the majority of important indicators of nestling 
performance for mountain bluebirds (Table 2.2, Table 2.4) suggests that hatching synchrony 
is not likely an adaptive mechanism for reproductive success. Instead, SYNC nests required 
more effort that resulted in trade-offs between prey size and the rate of provisioning (Fig. 
2.5), as well as an apparent reduction in male effort (Fig. 2.4) that females likely had to 
compensate for. The present study suggests that HVC continues to be a low-quality 
environment for mountain bluebirds and, therefore, any synchronous hatching previously 
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observed on site was likely due to energetic constraints on females during the laying period 
(O’Brien and Dawson 2013).  
In contrast, hatching asynchrony may provide a benefit for female tree swallows (Fig. 
2.6). The significance of relative size of nestlings on day 2 of the brood-rearing period for the 
majority of condition and growth variables (Table 2.3, Table 2.5) potentially sets the stage 
for a brood reduction strategy that may have been further amplified in this study if conditions 
at HVC and the REF site were poorer. Growth and fledging success of nestling tree swallows 
was higher on HVC than on the REF site, perhaps due to lower parasite loads (Table 2.3, 
Table 2.5). Once the proximate mechanisms of hatching patterns in tree swallows are 
understood, further experimentation may be done to assess the role of hatching asynchrony 
on the reproductive success of this species (see Chapter 4).  
Overall, hatching patterns are likely the result of environmental factors that occur 
during the laying period; however, the role of hatching patterns on the reproductive success 
of an organism will likely depend on the life-history traits of that particular species (Stearns 
1989). Research that better integrates measures of environmental cues early in the breeding 
season with species-specific life-history characteristics are required to better understand the 




3. Understanding the proximate mechanisms of hatching asynchrony in an aerial 
insectivore by experimentally controlling onset of incubation 
 
3.1 Abstract 
The evolutionary significance of hatching asynchrony as a strategy for maximizing 
reproductive success of birds has received considerable attention over many decades. 
Researchers have used a variety of methods to manipulate hatching asynchrony in ecological 
experiments. Inducing asynchronous or synchronous hatching by temporarily replacing real 
eggs with artificial eggs, and then strategically swapping them back at the start of incubation, 
is one method that allows for control of when each egg begins development, while still 
maintaining natural patterns of female investment. The artificial egg method has been 
successfully used for a variety of wild and captive species; however, a previous experiment 
using artificial eggs in tree swallows (Tachycineta bicolor) was unsuccessful in creating 
synchronous broods. One possibility for this lack of effect may be that differential maternal 
investment during the laying sequence favoured last-laid eggs, allowing for faster embryonic 
development to mask the effects of the experimental manipulation. To explore this 
possibility, artificial eggs were used to create two asynchronous hatching groups in tree 
swallows: one where the first-laid eggs were returned to the nest last during incubation, and 
the second where the last-laid eggs were returned to the nest last during incubation. Both 
groups were compared to a synchronous treatment group, where all eggs were returned to the 
nest simultaneously during incubation. I expected that nests where first-laid eggs were 
returned last should have a higher degree of hatching spread compared to nests where last-
laid eggs were returned last and synchronous nests due to the inability of these eggs to 
metabolically ‘catch up’ to last-laid eggs. In contrast, if last-laid eggs were returned to nests 
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last, but developed faster, then I predicted those broods would have a degree of hatching 
spread similar to synchronous nests. While significant differences were found between 
asynchronous and synchronous nests, there was no difference between the two asynchronous 
groups. As such, the negligible treatment effects previously found were likely due to 
methodological issues and not the result of maternal investment. Understanding the 
proximate drivers of hatching spread is necessary for understanding, and testing for, the 
adaptive value of hatching asynchrony.  
 
3.2 Introduction 
The evolutionary significance of hatching asynchrony in birds, which is responsible for 
within-brood size hierarchies among nestlings, has been the focus of considerable attention 
by avian researchers. Hypotheses for the adaptive benefit of hatching patterns were initially 
inspired by Lack’s (1947) brood reduction hypothesis, which suggested that hatching 
asynchrony helps facilitate the mortality of nestlings during periods of food shortage by 
allowing larger nestlings to outcompete their smaller siblings. Since then, brood reduction 
has received some support as a method of optimizing reproductive success. Magrath (1989) 
found that asynchronous broods of blackbirds (Turdus merula) had higher fledging success in 
poor conditions compared to synchronous broods, while Gilby et al. (2011) found that first-
hatched nestlings had higher growth rates compared to those in synchronous broods, likely 
due to a reduction in sibling competition with the presence of smaller nestlings in the nest.  
There is equally compelling evidence, however, to suggest that hatching asynchrony 
is not an adaptive strategy, but rather an unintended consequence of environmental 
constraints on parents early in the breeding season (Magrath 1990; Stenning 1996). Variable 
temperature extremes during the laying period may leave eggs that have not been incubated 
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at risk of reduced viability (Arnold et al. 1987; Beissinger et al. 2005). Increased predation 
(Martin and Briskie 2009) or risk of nest-site takeovers (Beissinger et al. 1998) may also 
encourage females to spend more time on the nest during egg-laying, consequently initiating 
early development of the first-laid eggs prior to clutch completion.  
Altering incubation behaviour, so that the start of incubation either results in 
synchronized or staggered clutch development, has been a well-accepted proximate 
mechanism for influencing the degree of hatching spread (i.e., the difference in age or size 
between the first and last-hatched nestling) for most species that hatch altricial young 
(Magrath 1990; Conway and Martin 2000). In species with hatching asynchrony, the first-
laid egg hatches first (Clotfelter et al. 2000), conferring a competitive advantage for the 
eldest nestling due to greater body mass relative to nest-mates (Zach 1982), and thus a larger 
share of parental provisioning (Gilby et al. 2011). In contrast, synchronously hatching broods 
result when all eggs in the clutch begin incubation at the same time or receive equal female 
investment during egg formation, producing minimal size disparities (and thus less 
asymmetry in competitive advantages) among all nestlings (Gilby et al. 2013).  
Manipulation of asynchrony in nests often has been accomplished by cross-fostering 
young between nests to experimentally manipulate age and size classes, while also 
controlling for effects of the rearing environment (Slagsvold 1997, Slagsvold and Wiebe 
2007, Ford and Smiseth 2016). While informative, cross-fostering may unintentionally over-
inflate or minimize size hierarchy structures when asynchronous or synchronous broods are 
experimentally created. Incubators have been successfully used to control for hatching time 
to create asynchronous and synchronous broods (Merkling et al. 2014); however, it may not 
be practical for many field-based research projects.  
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More recently, manipulation of hatching spread by altering the amount of incubation 
eggs receive prior to clutch completion has been accomplished by exchanging real eggs with 
artificial eggs early in the laying sequence, and then returning them at the start of incubation 
either sequentially or simultaneously to create asynchronous or synchronous hatching 
patterns (Mainwaring et al. 2012; Mainwaring et al. 2014; Podlas and Richner 2013). This 
method has been successfully used in both captive and wild passerine species (Mainwaring et 
al. 2012; Mainwaring et al. 2014; Podlas and Richner 2013) and appeals to researchers 
because of its logistical feasibility (i.e., no hauling of equipment or trying to accurately 
pinpoint hatching span) and its ability to control for the amount of incubation that each egg 
receives while still incorporating natural patterns of female investment.  
In 2014, I used artificial eggs in an attempt to create asynchronous and synchronous 
broods of tree swallows (Tachycineta bicolor) and mountain bluebirds (Sialia currucoides) 
breeding on reclaimed mine lands and undisturbed reference areas near Logan Lake, BC, 
Canada, with the goal of assessing the effects of hatching patterns on reproductive success in 
environments of variable quality (see Chapter 2). Starting on the second day of the laying 
period, eggs were removed daily and temporarily stored until females commenced 
incubation, after which eggs were returned either over two days to create asynchronous nests, 
or all at once to create synchronous nests (see Chapter 2). This method was successful in 
manipulating the hatching spread of mountain bluebirds, but it did not alter hatching spread 
for tree swallows, specifically failing to create broods that were synchronous (see Chapter 2). 
Given prior validation of artificial-real egg exchanges as a means to manipulate synchrony, I 
identified two potential reasons for the absence of response among tree swallows. First, it is 
possible that negligible treatment effects were the result of partial incubation of the first egg 
(Wang and Beissinger 2011). Even though incubation in tree swallows generally begins with 
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the penultimate egg (Winkler et al. 2011), environmental pressures may induce females to 
practice irregular, but earlier, types of nest attendance behaviours (Wang and Beissinger 
2011). Incubation of first-laid eggs may also occur when females are present in the nest to lay 
subsequent eggs (Johnson et al. 2013). Alternatively, lack of effects may have been the result 
of a maternal investment strategy that favoured last-laid eggs and resulted in faster 
embryonic metabolism compared to first-laid eggs, to compensate for the size disadvantage 
of hatching asynchrony on last-hatched nestlings (Hadfield et al. 2013). If so, then simply 
having all eggs commence incubation at the same time would have been insufficient to create 
synchronous broods due to differential growth among embryos. Whittingham et al. (2007) 
observed that nestling tree swallows hatching later in the sequence did experience faster 
growth from days 6-12, perhaps as compensation for their initial size disadvantage. If female 
investment favours last-laid eggs, the results would be at odds with the hypotheses that 
suggest hatching asynchrony is adaptive, as females may actively be investing in eggs to 
prevent or minimize the degree of brood asynchrony rather than promote it. 
To determine whether the negligible treatment effects in 2014 were the result of 
partial incubation, or the result of differential egg investment, I conducted an experiment on 
tree swallows breeding near Prince George, BC, Canada. I manipulated hatching spread to 
create asynchronous and synchronous broods using the artificial egg swap method, in 
addition to selectively fostering eggs between broods, so that hatching sequences of eggs 
differed from laying sequences. This time, hatching spread was manipulated beginning when 
the first egg was laid, and I uncoupled the correlation between position in the laying 
sequence and the start date of incubation by having two different asynchronous treatment 
groups: one where first-laid eggs were the last to begin incubation, and one where last-laid 
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eggs commenced incubation last, to compare differences in embryonic development between 
the first- and last-laid eggs. 
If intrinsic metabolic differences are responsible for synchrony, I hypothesized that 
broods that were manipulated so that the first-laid eggs were returned to the nest last should 
have a significantly higher degree of hatching spread compared to nests where last-laid eggs 
were returned to the nest last and synchronous nests due to their inability to ‘catch up’ to last-
laid eggs. In contrast, if last-laid eggs exhibited a faster development compared to first-laid 
eggs, then broods that were manipulated so that the last-laid eggs were returned last during 
incubation should demonstrate a similar degree of hatching spread as synchronous nests, 
where all eggs were returned simultaneously to receive equal incubation time.  
 
3.3 Methods 
3.3.1 Study Species 
Tree swallows are passerines belonging to the Hirundinidae family that breed throughout 
central and northern North America and typically occupy edge habitats, open fields, and 
wetland areas (Winkler et al. 2011). As secondary cavity nesters, this species readily 
occupies nest boxes. In more northerly populations, egg laying usually begins in mid-May, 
and clutch sizes typically range from 6 to 7 eggs (but occasionally 8). Females lay one egg 
per day and are the sole incubators, typically beginning incubation with the penultimate egg 
(Ardia et al. 2006a; Winkler et al. 2011). Laying order has been shown to be a significant 
predictor of hatching order for tree swallows (Clotfelter et al. 2000). The average incubation 
period is 13-14 days, while the brood-rearing period is approximately 18 – 21 days from 
hatching to fledging (Winkler et al. 2011). During the breeding season, tree swallows 
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primarily forage for aerial insects that have an aquatic larval stage to feed themselves and 
their young (Winkler et al. 2011).  
 
3.3.2 Study Area 
The study was conducted from May – June in 2015 on a site situated 25 km west of Prince 
George, BC, Canada (53º50’ N, 123º 2’ W). Habitat in this area is primarily open agriculture 
lands consisting of hay fields and pastures, mixed with patches of deciduous and coniferous 
forests. There were 139 nest boxes on site, individually spaced approximately 30 m apart. A 
total of 110 nest boxes were occupied in 2015 by tree swallows; however, only 37 nest boxes 
were included in the experiment.  
 
3.3.3 Experimental Design  
Beginning in May, nest boxes were checked daily to determine clutch initiation date. The 
first egg within each nest box (natal box), was immediately swapped with an artificial 
dummy egg; real eggs were placed in a “storage” nest box, installed on an adjacent fence 
post. As clutches were laid, each egg was replaced with a dummy egg and placed in the 
storage box on the morning it was laid, until clutches were complete. Eggs in storage boxes 
were turned twice daily along their longitudinal axis to maintain their viability (Beissinger et 
al. 2005). Storage boxes were lined with dried grass, and contained a cardboard egg holder to 
facilitate egg-turning and minimize eggshell abrasion. Parents and predators were prevented 
from entering boxes by using a metal screen to block access holes, which also ensured 
temperature and humidity conditions remained similar to the neighbouring natal box.   
On the day after clutch completion, an infrared hand-held thermometer was used to 
confirm that incubation of the dummy eggs had begun (Beissinger et al. 2005), and I 
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allocated nests to either a synchronous treatment or one of two asynchronous treatments. In 
the synchronous group (SYNC), I induced synchronous hatching by returning all eggs the 
day after clutch completion. In the asynchronous treatments (ASYNC; see Fig 3.1), I 
returned all but two eggs to nests the day after clutch completion, and the remaining two eggs 
during the evening of the second day after clutch completion. I paired two boxes sharing the 
same clutch completion date, with first-laid eggs returned last (ASYNC-First) at one nest, 
while the second nest had last-laid eggs returned last (ASYNC-Last). As viability of first-laid 
eggs may decline the longer they are not incubated (Beissinger et al. 2005), I always returned 
the first-laid eggs from both clutches within a pair first. For example, in a clutch size of six, 
two artificial eggs in the designated ASYNC-First natal box were replaced with the first-laid 
eggs (#1) from each nest in an ASYNC treatment pair, in addition to transferring eggs 3 and 
4 from the natal clutch, the day after clutch completion. The following day (day 2 post-
completion), two of the remaining artificial eggs in the ASYNC-First nest were replaced by 
the second-laid eggs (#2) from both nests in the pair to complete the clutch. For the ASYNC-
Last treatment, four artificial eggs were replaced with the penultimate eggs (#5) from both 
nests, as well as two mid-sequence eggs (#3 and 4) on the first day following clutch 
completion. The following day, the last-laid eggs from both nests were then transferred into 
the ASYNC-Last box to complete the clutch (Fig. 3.1). The total number of nest boxes that 
were experimentally manipulated was 37 (10 SYNC, 13 ASYNC-Last, and 14 ASYNC-
First). 
 
3.3.4 General Field Procedures  
Nest boxes were checked daily near the end of the incubation period to confirm the day of 
hatch, which was designated as day 0. To quantify the degree of asynchrony/synchrony, 
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nestlings were individually weighed on day 2 using an electronic scale to the nearest 0.01 g. 
Adult females were captured when nestlings were between the ages of 2 – 16 days old, 
weighed using a spring scale (nearest 0.25 g) and the combined length of the head and bill 
(hereafter ‘headbill’) was measured using digital calipers (0.1 mm). While indices of body 
condition often are estimated using residuals from linear regressions between mass and body 
size, there were no significant relationships between mass and length of headbill. I therefore 
used female mass as a proxy for female condition.  
 
3.3.5 Statistical Analyses 
To determine the degree of asynchrony within a nest, the relative hatching spread was 
calculated by subtracting mass of the smallest nestling from mass of the largest nestling on 
day 2. A general linear model was used to assess hatching spread as a function of treatment. 
The initial model included brood size, hatching date, and female mass, as well as the 
interaction between each covariate and treatment. Prior to running the model, covariates were 
centered and scaled (Schielzeth 2010), and homogeneity and normality were assessed. 
Interactions and covariates that did not approach significance (P ≤ 0.10) were removed from 
the model in a backwards, stepwise fashion. A Tukey’s post-hoc test was used to compare 
differences in relative hatching spread between categorical treatment variables. The 
significance level was set at P = 0.05 and all means are presented ± 1 SE. Effect sizes are 
represented by partial eta-squared (nP2). Analyses were performed using R v.3.3.2 (R Core 





Treatment significantly influenced the hatching spread within the nest (F2,34 = 8.56, P < 0.01, 
nP2 = 0.34, ASYNC-Last Estimate = 0.06 ± 0.3, SYNC Estimate = -1.03 ± 0.3), with both 
ASYNC-First (Tukey’s post hoc test: P < 0.01) and ASYNC-Last (Tukey’s post hoc test: P < 
0.01; Fig. 3.2) having a higher degree of hatching spread compared to SYNC nests. No 
significant differences were found between ASYNC-First and ASYNC-Last broods (P = 
0.97; Fig. 3.2).  
 
3.5 Discussion and Conclusion 
The differences between SYNC and ASYNC nests in general, but not between ASYNC 
treatments themselves (Fig. 3.2), demonstrate that it was the amount of incubation time 
received by each egg that significantly influenced hatching spread, and not metabolic egg 
differences dependent on laying sequence. Therefore, it is more likely that negligible 
treatment effects for the Logan Lake population of tree swallows in 2014 (Chapter 2) were 
the result of the first-laid eggs receiving partial incubation prior to removal to storage boxes. 
Compared to later laid eggs in the clutch, which were immediately replaced with artificial 
eggs on the day they were laid, first-laid eggs remained in nests for an extra day before being 
temporarily replaced with artificial eggs. By initiating the asynchrony treatments on day 1 
following clutch completion in 2015, I minimized the possibility of partial incubation 
occurring for first eggs, thereby removing a developmental advantage for those embryos. 
Therefore, the 2015 experimental protocol was successful in creating broods that were 
relatively synchronous compared to the asynchronous treatment groups (Fig. 3.2).  
Although incubation is typically thought to begin with the penultimate egg in tree 




Figure 3.1. Example of experimental treatment groups for a clutch size of six, where eggs 
were either returned over two days following clutch completion to induce differential 
incubation (ASYNC-First and ASYNC-Last), or all returned on day 1 to ensure equal 
incubation time among eggs. Differences in hatching spread within the nest were predicted 
on the premise that embryonic metabolism differed between eggs depending on laying order 
(See Section 3.3.3). The experiment was conducted on tree swallows (Tachycineta bicolor) 























Figure 3.2. The influence of experimental treatment groups on the hatching spread in broods 
of tree swallows (Tachycineta bicolor) breeding near Prince George, BC, Canada in 2015. 
Asynchronous broods were created by returning eggs to a nest box on day 1 and 2 following 
clutch completion, either by returning the last-laid eggs last (ASYNC-Last), or by returning 
the first-laid eggs last (ASYNC-First). Synchronous broods were created by returning all 
eggs to the nest box on day 1 following clutch completion (SYNC). Hatching spread is 
defined as the mass of the smallest nestling subtracted from the mass of the largest nestling 
(see Section 3.3.3). Marginal means (± SE) are presented along with the sample sizes 






many passerine species (Wang and Beissinger 2011) which may be strongly linked to 
environmental conditions, such as ambient temperature (Conway and Martin 2000). Partial 
incubation, which likely initiates some development in embryos, has been defined separately 
from full onset of incubation as either shorter durations of egg attentiveness, or a lower 
intensity of incubation that may serve the purpose of preventing predation or maintaining egg 
viability (Wang and Beissinger 2011). Exposure to temperatures, both below or above a 
certain threshold, can reduce hatching success of eggs (Batt and Cornwell 1972, Beissinger et 
al. 2005), which suggests egg viability may be a particularly important constraint for birds 
breeding in temperate, highly seasonal environments (Holmes et al. 1986). Ardia et al. (2009) 
found that female tree swallows were able to spend more time on the nest and maintain 
higher egg temperatures when nest boxes were heated, suggesting that females may be 
energetically constrained by ambient temperatures during incubation.  
Although my study determined that the amount of incubation time prior to clutch 
completion dictated the degree of asynchrony in the nest, there is a growing body of evidence 
to suggest that under certain conditions some species may enhance the embryonic 
metabolism of last-laid eggs to offset the disadvantages of hatching last in the nest. For 
example, eggs of blue tits (Cyanistes caeruleus) that were laid late in the sequence hatched 
faster once differential incubation was controlled for, suggesting that intrinsic differences 
between first- and last-laid eggs may reduce the degree of asynchrony in the nest (Hadfield et 
al. 2013). As such, maternal investment strategies should also be taken into consideration 
when planning to experimentally manipulate hatching asynchrony. Potential strategies 
employed by females include differential deposition of yolk androgens during yolk formation 
(Schwabl 1993; Schwabl 1996) and selective management of incubation patterns during the 
laying period (Wang and Beissinger 2009; Wang and Beissinger 2011); however, these are 
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likely dependent on life-history strategies of individual species in conjunction with 
environmental challenges, and perhaps interactions between them, during the brood-rearing 
period. Only by understanding the proximate drivers of hatching spread for a particular 
species will we be closer to understanding the evolutionary significance, and potentially the 
context-specific adaptive value, of hatching asynchrony.  
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4. Effects of hatching patterns on the reproductive success of an asynchronously 
hatching aerial insectivore  
 
4.1. Abstract 
Avian incubation behaviour that results in asynchronous hatching may be a strategy to 
maximize reproductive success in suboptimal breeding conditions; however, empirical 
evidence for the evolutionary role of hatching patterns remains inconclusive. To assess the 
effects of hatching patterns on parental condition and nestling performance in variable 
conditions, artificial eggs were used to experimentally induce asynchronous (ASYNC) and 
synchronous (SYNC) hatching in tree swallow (Tachycineta bicolor) broods. Nestlings from 
the SYNC treatment group did more poorly in larger broods and with later hatching dates 
compared to nestlings from the ASYNC group, possibly due to greater sibling rivalry. 
Parental condition (as represented by mass) was not affected by treatment; however, nestling 
mass at d16 decreased with higher nest parasite loads for SYNC broods. Nestling mass 
growth in SYNC nests also showed a weak trend for increasing with higher parasite loads, 
and significantly increased with warmer, drier weather. Higher parasite loads also were 
associated with a lower probability of fledging across both treatment groups, suggesting 
detrimental effects of parasites. These results provide support for the ‘tasty chick’ hypothesis, 
which suggest that smaller nestlings from asynchronous broods serve as the primary 
attractant to parasites and help buffer the detrimental effects of parasites for larger siblings. 
With the absence of a smaller nestling, nestlings from SYNC broods may have accelerated 
growth to compensate for poor nest conditions. Further tests of the tasty chick hypothesis that 
incorporate both brood dynamics and environmental variables are required to better 





Birds breeding in temperate environments may be vulnerable to seasonal variation in 
environmental conditions, and are expected to have evolved various life-history strategies to 
cope both with short- and long-term fluctuations that may compromise reproductive success 
(Holmes et al. 1986). Hatching asynchrony, a result of differential incubation between first- 
and last-laid eggs, often is the direct result of female behaviour (Clark and Wilson 1981; see 
Chapter 3) and can have strong influences on nestling development and brood dynamics 
(Magrath 1989; Clotfelter 2000). As such, many researchers have deliberated about the 
evolutionary significance of hatching asynchrony and whether it is an adaptive trait that 
improves the probability of reproductive success in suboptimal and/or variable breeding 
conditions (reviewed in Slagsvold 1986; Magrath 1990; Stenning 1996) 
Lack’s (1947) ‘brood reduction’ hypothesis proposed that hatching asynchrony may 
be a method for increasing parental fitness by allowing for an efficient reduction in brood 
size through mortality of the smallest nestling when food becomes scarce. Multiple studies 
have found that the smallest nestlings are usually the first to perish in poor conditions, 
providing support for hatching asynchrony as an efficient method of brood reduction. For 
example, Wiebe and Bortolotti (1995) found that nestling American kestrels (Falco 
sparverius) that hatched last were more likely to die at a younger age in asynchronous broods 
when food was experimentally limited, while Clotfelter et al. (2000) observed that brood 
reduction was positively related to the degree of hatching asynchrony in nestling tree 
swallows (Tachycineta bicolor), particularly early in the nestling period. Size hierarchies that 
result from asynchronous hatching also may provide additional benefits by reducing 
extraneous energy spent on competition for resources within the nest (Hahn 1981), or by 
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reducing the severity of parasite infestations to the majority of the brood if the smallest, 
immunocompromised nestling is the primary attractant for parasites (Christe et al. 1998).   
Alternatively, there is empirical evidence to suggest that experimentally induced 
synchrony may also provide a benefit to nestlings, even in species that usually hatch 
asynchronously. Nestling pied flycatchers (Ficedula hypoleuca) in broods manipulated to be 
synchronous had longer tarsi and higher fledging rates than nestlings in asynchronous broods, 
despite unfavourable weather conditions, possibly because of increased parental care and a 
more equitable distribution of prey items among nestlings (Hillström and Olsson 1994). 
Enlarged broods of great tits (Parus major) that were experimentally induced to hatch 
synchronously also produced nestlings that were of higher quality in poor conditions 
compared to asynchronous broods, possibly due to greater feeding efficiency amongst 
nestlings of similar size (Podlas and Richner 2013). In some circumstances, there were no 
differences in nestling condition or fledging success between asynchronous or synchronous 
broods, as was found in house wrens (Troglodytes aedon), even during periods of food 
shortages (Harper et al. 1992).  
The mixed results for the benefits of hatching patterns may be evidence that hatching 
asynchrony is not always an evolutionary adaptation, but rather sometimes a side effect of 
selection pressures acting on other processes. For example, environmental cues may compel 
females to initiate incubation as early as possible during the laying period to maintain egg 
viability, which can be compromised by extreme temperatures (Stoleson and Beissinger 
1999). In breeding environments where predation rates are high, it might also be 
advantageous for females to initiate incubation immediately after the first egg for protection 
and for expediting the timeline for fledging as quickly as possible (Clark and Wilson 1981). 
Therefore, additional study is required to assess whether hatching asynchrony itself plays a 
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functional role in maximizing fitness, or whether it is a side effect of environmental 
constraints acting on the females.  
The primary objective of this study was to experimentally test whether hatching 
asynchrony is an adaptation that improves reproductive success in a passerine that typically 
hatches asynchronous broods. I manipulated the incubation patterns of tree swallows to 
assess the effects of asynchronous and synchronous hatching patterns on parent condition and 
nestling performance, as well as fledging success. Since asynchronous hatching is the most 
common pattern observed in tree swallows (Winkler et al. 2011), I predicted that 
asynchronous broods would result in greater breeding success in this species, especially in 
the event of unpredictable or deteriorating brood-rearing conditions. 
 
4.3 Methods 
4.3.1 Study Species  
Tree swallows are passerines belonging to the Hirundinidae family that breed throughout 
central and northern North America and typically occupy edge habitats, open fields, and 
wetland areas (Winkler et al. 2011). As secondary cavity nesters, this species readily 
occupies nest boxes. In more northerly populations, egg laying usually begins in mid-May, 
and clutch sizes typically range from 5 to 7 eggs (but occasionally 8). Females lay one egg 
per day and are the sole incubators, typically beginning incubation with the penultimate egg 
(Ardia et al. 2006a; Winkler et al. 2011). Laying order has been shown to be a significant 
predictor of hatching order for tree swallows (Clotfelter et al. 2000). The average incubation 
period is 13-14 days, while the brood-rearing period is approximately 18 – 21 days from 
hatching to fledging (Winkler et al. 2011). During the breeding season, tree swallows 
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primarily forage for aerial insects that have an aquatic larval stage to feed themselves and 
their young (Winkler et al. 2011).  
 
4.3.2 Study Area 
The study was conducted from May – July in 2015 on a site situated 25 km west of Prince 
George, BC, Canada (53º50’ N, 123º 2’ W). Habitat in this area is primarily open agriculture 
fields consisting of hay and pasture lands, mixed with patches of deciduous and coniferous 
forests. There were 139 nest boxes on site, individually spaced approximately 30 m apart. A 
total of 110 nest boxes were occupied in 2015 by tree swallows; however, only 37 nest boxes 
were included in the experiment.  
 
4.3.3 Experimental Design  
Beginning in May, nest boxes were checked daily to determine clutch initiation date. The 
first egg within each nest box (natal box) was immediately swapped with an artificial dummy 
egg; real eggs were placed in a “storage” nest box, installed on an adjacent fence post. As 
clutches were laid, each egg was replaced with a dummy egg and placed in the storage box 
on the morning it was laid, until clutches were complete. Eggs in storage boxes were turned 
twice daily along their longitudinal axis to maintain their viability (Beissinger et al. 2005). 
Storage boxes were lined with dried grass, and contained a cardboard egg holder to facilitate 
egg-turning and minimize eggshell abrasion. Parents and predators were prevented from 
entering storage boxes by using a metal screen to block access holes, which also ensured 
temperature and humidity conditions remained similar to the neighbouring natal box.   
On the day after clutch completion, an infrared hand-held thermometer was used to 
confirm that incubation of the dummy eggs had begun (Beissinger et al. 2005), and I 
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allocated nests to either a synchronous treatment or one of two asynchronous treatments. In 
the synchronous group (SYNC), I induced synchronous hatching by returning all eggs the 
day after clutch completion. In the asynchronous (ASYNC; see Fig 3.1) treatments, I 
returned all but two eggs to nests the day after clutch completion, and the remaining two eggs 
during the evening of the second day after clutch completion. I paired two boxes sharing the 
same clutch completion date, with first-laid eggs returned last (ASYNC-First) at one nest, 
while the second nest had last-laid eggs returned last (ASYNC-Last). As viability of first-laid 
eggs may decline the longer they are not incubated (Beissinger et al. 2005), I always returned 
the first-laid eggs from both clutches within a pair first. For example, in a clutch size of six, 
two artificial eggs in the designated ASYNC-First natal box were replaced with the first-laid 
eggs (#1) from each nest in an ASYNC treatment pair, in addition to transferring eggs 3 and 
4 from the natal clutch, the day after clutch completion. The following day (day 2 post-
completion), two of the remaining artificial eggs in the ASYNC-First nest were replaced by 
the second-laid eggs (#2) from both nests in the pair to complete the clutch. For the ASYNC-
Last treatment, four artificial eggs were replaced with the penultimate eggs (#5) from both 
nests, as well as two mid-sequence eggs (#3 and 4) on the first day following clutch 
completion. The following day, the last-laid eggs from both nests were then transferred into 
the ASYNC-Last box to complete the clutch (Fig. 3.1). 
To address the questions outlined in Section 4.2, the two asynchronous treatments 
(ASYNC-First and ASYNC-Last) were combined to create one ASYNC treatment group, 
since no significant differences were found in hatching spread between the two (see Fig. 3.2). 
As such, the total number of nest boxes that were experimentally manipulated and included 




4.3.4 General Field Procedures  
Beginning in May, the date of clutch initiation and clutch size were recorded for all nesting 
attempts. Prior to the start of incubation, all eggs were individually labelled and weighed 
using a portable balance (nearest 0.01 g). Nest boxes were checked daily near the end of the 
incubation period to record the date of hatching, which was designated as day 0 of the 
nestling period. To quantify the degree of asynchrony/synchrony, nestlings were individually 
weighed on day 2 using an electronic scale to the nearest 0.01 g. Nestlings were marked with 
unique colour combinations using non-toxic markers so that individuals could be tracked 
throughout the brood-rearing period. Individuals were weighed using a spring scale (nearest 
0.125 g) every two days from day 4 to day 16, while digital calipers (nearest 0.1 mm) were 
used to measure the combined length of the head and bill (hereafter ‘headbill’); in addition, a 
ruler (nearest 0.5 mm) was used to measure the length of the 9th primary from day 8 – 16. 
Morphometric measurements were used to assess nestling size near fledging and growth rate 
constants, which were calculated using a logistic model for mass, a Gompertz model for 
headbill, and a linear regression for 9th primary feather following the methods of Dawson and 
Bidwell (2005). Only nestlings with a complete set of measurements (day 2 – 16) were used 
in the calculation of growth rates. Nestlings were banded on day 12 with a single aluminum 
band.  
Larval blow flies (Protocalliphora spp.) that live in nesting material can have 
detrimental effects on the development and reproductive success of nestlings (Brown et al. 
1995; O’Brien and Dawson 2008). Therefore, nest boxes were checked to confirm fledging 
success on day 22 and, once confirmed empty, nests were collected and stored in sealed 
plastic bags for a minimum of seven days at room temperature to allow any larval blow flies 
to pupate. Nests were then transferred into paper bags and baked at 80 ºC for 24 hours before 
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being dissected to quantify the total number of pupae and puparia in each nest, which was 
considered the parasite load of nests. I then calculated the number of blow flies per nestling 
for each nest, and used those values in subsequent analyses. 
Morphometric measurements were collected from adult females and males by 
capturing them once during the breeding period when nestlings were between the ages of day 
2 – 16 (mean chick age during female capture: 7.82 days ± 0.35 SE; mean chick age during 
male capture: 8.47 days ± 0.34 SE). Adult mass was measured using a spring scale (nearest 
0.25 g), while lengths of the wing, tail, and 9th primary flight feather, and outer rectrix were 
measured using a ruler (nearest 0.5 mm), and headbill measured using digital calipers (0.1 
mm). All adults were banded with a single numbered aluminum band, if not already banded. 
Banding records were used to classify previously banded birds as being in their first breeding 
season (i.e., second-year birds; SY) or older (after-second-year; ASY) according to banding 
records. Birds not yet banded were classified as either SY or AHY according to plumage 
characteristics for females only, since plumage colouration cannot be used to distinguish SY 
from ASY males (Hussell 1983; Pyle 1997). There were no significant relationships between 
mass and size measures of adults, so rather than calculating indices of body condition by 
scaling mass to body size, I used raw mass values as a proxy for adult condition. 
 
4.3.5 Weather Index 
A weather index was calculated using methods similar to Harriman et al. (2017) and Pelayo 
and Clark (2003). Average daily ambient temperature (°C) and total daily rainfall (mm) were 
collected from the Environment Canada historical records for Prince George, BC, Canada. 
The weather station for these records is located approximately 24 km (the geodesic distance) 
from the study site. A daily weather index was calculated by summing the standardized 
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values of temperature and rainfall, so that positive numbers indicated warmer, drier 
conditions and negative numbers indicated cooler, wetter conditions. To evaluate weather 
conditions during the laying period, the average index value was calculated 3 days prior to 
the clutch initiation date of each nest, since insect availability has been shown to influence 
yolk mass during that period (Ardia et al. 2006b). The average weather index value was 
calculated for each nest between day 10 and day 16 of the nestling period to evaluate the 
effects of weather on the probability of nestlings that fledged the nest, as well as on length of 
the 9th primary feather and headbill on day 16, while the average weather index from day 14 
to day 16 was calculated for assessing the influence of weather on mass (Dawson 2008). The 
average weather index value between day 2 and day 16 was calculated to assess the effect of 
weather on nestling growth rates (Harriman et al. 2017). 
 
4.3.6 Statistical Analyses 
The degree of hatching spread within each nest was calculated as the difference in mass 
between the smallest and largest nestling on day 2 of the brood-rearing period. A general 
linear model was used to assess the influence of treatment groups (ASYNC, SYNC) on 
hatching spread, with brood size, hatching date, and female mass included in the model as 
covariates. A Poisson regression was used to assess the effect of treatment on the proportion 
of eggs that failed to hatch, and included clutch size, initiation date, and female mass as 
covariates. General linear models were used to analyze the effects of treatment on female and 
male mass, which included brood size, hatching date, adult age (as a categorical variable), 
and nestling age at the time of capture as covariates in models.  
The effect of treatment on nestling phenotypic indicators of condition on day 16, as 
well as nestling growth rates, was analyzed using linear mixed models (LMM) and included 
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brood size, hatching date, total number of parasites in the nest, and weather index as 
predictors. A Poisson regression was used to assess the probability of nestlings successfully 
fledging the nest (all fledged vs one or more died) and included treatment, brood size, 
hatching date, total number of parasites in the nest, and weather index as independent 
variables. A Poisson regression also was used to assess whether the number of parasites (the 
total number of Protocalliphora spp. pupae and puparia per nestling) varied with treatment, 
and also included as covariates brood size, hatching date, and the mean ambient temperature 
for the 18 day brood-rearing period for each box, as densities of Protocalliphora in nests of 
tree swallows are influenced by temperature (Dawson et al. 2005). 
All models initially included first-order interactions between treatment and all other 
independent variables. Brood/nest identity was included as a random factor in all LMM’s to 
account for variation within the brood/clutch environment and for maternal effects among 
siblings. LMM analyses were performed with a normal error distribution and Satterthwaite 
approximations using ‘lme4’ (Bates et al. 2015) in combination with ‘lmerTest’ (Kuznetsova 
et al. 2016) in R v.3.3.2 (R Core Team 2016). Covariates were centered and scaled prior to 
analysis and data were Box-Cox transformed to improve model homogeneity and normality 
where necessary. For all analyses, variables and interactions that did not approach 
significance (P ≤ 0.10) were removed from models in a backwards, stepwise fashion, but 
treatment was always retained as it was the variable of interest. When significant two-way 
interactions were found, I subsequently ran separate analyses after separating data according 
to treatment.  
Likelihood ratio tests were used to assess the significance of all models, which was 
set at P ≤ 0.05. Partial eta squared (nP2) was used to assess the effect sizes of general linear 
models. Local effect size of LMM variables were assessed using Cohen’s f2 (Selya et al. 
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2012), which was calculated using the marginal R2 (Nakagawa and Schielzeth 2013) values 
obtained from the ‘MuMIn’ package in R (Bartoń 2016). The standardized beta coefficients 
(β) were used to assess the magnitude of effects between variables of Poisson regressions. 
Least squares means ± 1 standard error were reported where appropriate. 
 
4.4 Results 
4.4.1 Effects of Experimental Treatment on Hatching Spread and Success  
Broods belonging to the ASYNC treatment group experienced a significantly larger hatching 
spread than those in the SYNC group (F1,35 = 17.5, P < 0.01, nP2 = 0.33, Estimate = -1.06 ± 
0.3, Fig. 4.1). The probability of hatching failure was higher in SYNC than ASYNC nests (χ2 
= 52.2, P = 0.02, β = 0.29, Estimate = 0.83 ± 0.4); however, these differences were driven 
largely by two nests in the SYNC treatment group (Fig. 4.2), as differences were no longer 
significant when they were removed from the dataset (χ2 = 28.0, P = 0.68, β = -0.16).  
 
4.4.2 Parental Condition 
Treatment had no significant effect on male (F1, 30 = 0.95, P = 0.34, nP2 = 0.03) or female 
mass (F1, 31 = 1.37, P = 0.25, nP2 = 0.04); however, female mass decreased with increasing 
nestling age at the time of capture (F1, 31 = 6.16, P = 0.02, nP2 = 0.17, Estimate = -0.11 ± 0.1). 
 
4.4.3 Nestling Condition, Growth, and Fledging Success 
Nestling mass at day 16 decreased with larger brood sizes and was influenced by an 
interaction between treatment and hatching date (Table 4.1). When data were analyzed 
separately according to treatment, the day 16 mass of nestlings in SYNC nests were found to 
decrease with later hatching dates (F1, 24.0 = 12.1, P < 0.01, f2 = 0.42, Estimate = -1.44 ± 0.4, 
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Fig. 4.3) and higher parasite loads (F1, 24.0 = 8.98, P < 0.01, f2 = 0.29, Estimate = -0.86 ± 0.3, 
Fig. 4.4). In contrast, there was a trend for day 16 mass of nestlings in ASYNC nests to 
increase with later hatching dates (F1, 14.9 = 3.85, P = 0.07, f2 = 0.07, Estimate = 0.46 ± 0.2, 
Fig. 4.3), but mass was unaffected by parasite loads (F1, 16.7 = 1.27, P = 0.28, f2 = 0.02, Fig. 
4.4). The model was re-analyzed after removing an outlier from the ASYNC treatment group, 
and showed a decrease in nestling mass at day 16 with larger broods (F1, 21.9 = 20.9, P < 0.01, 
f2 = 0.26, Estimate = -0.82 ± 0.2), as well as a weak trend for decreasing with higher parasite 
loads (F1, 19.4 = 3.57, P = 0.07, f2 = 0.04, Estimate = -0.33 ± 0.2), but the interaction between 
treatment and hatching date remained (F1, 30.3 = 13.6, P < 0.01, f2 = 0.16, Estimate = -1.43 ± 
0.4). When data (excluding the outlier) were analyzed according to treatment, the mass of 
nestlings in SYNC broods at day 16 decreased with larger broods (F1, 24.0 = 12.5, P < 0.01, f2 
= 0.53, Estimate = -1.47 ± 0.4), later hatching dates (F1, 24.0 = 12.1, P < 0.01, f2 = 0.42, 
Estimate = -1.44 ± 0.4), and higher parasite loads (F1, 24.0 = 8.98, P < 0.01, f2 = 0.29, Estimate 
= -0.86 ± 0.43). Mass of nestlings in ASYNC broods decreased with larger broods (F1, 15.1 = 
16.5, P < 0.01, f2 = 0.25, Estimate = -0.75 ± 0.2), but was unaffected by hatching date (F1, 12.7 
= 2.99, P = 0.11, f2 = 0.05) and parasite load (F1, 14.2 = 1.77, P = 0.20, f2 = 0.03). Treatment 
had no effect on length of 9th primary feather or headbill of nestlings at day 16 (Table 4.1), 
although length of the headbill decreased with increasing brood sizes (Table 4.1).  
There was a trend for growth rates of nestling mass to increase with higher parasite 
loads in the nest (Table 4.2); in addition, growth of mass was influenced by an interaction 
between treatment and brood size, as well as between treatment and weather (Table 4.2). 
When data were analyzed separately according to treatment, the growth of mass of SYNC 
nestlings increased with warmer, drier weather (F1, 22.0 = 8.90, P < 0.01, f2 = 0.41, Estimate = 
0.15 ± 0.05, Fig. 4.5) and larger brood sizes (F1, 22.0 = 45.2, P < 0.01, f2 = 1.98, Estimate = 
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0.10 ± 0.01). There was also a non-significant trend for growth of mass to increase as parasite 
loads increased (F1, 22.0 = 4.03, P = 0.06, f2 = 0.19, Estimate = 0.05 ± 0.02). In contrast, the 
growth of mass of ASYNC nestlings was not affected by brood size (F1, 20.4 = 0.17, P = 0.69, 
f2 <0.01) or parasite loads (F1, 20.5 = 3.34, P = 0.08, f2 = 0.11), but did show a weak trend for 
decreasing with warmer, drier weather conditions (F1, 21.0 = 4.34, P = 0.05, f2 = 0.15, Estimate 
= -0.12 ± 0.1, Fig. 4.5).  
The growth of 9th primary feathers was affected by interactions between treatment and 
brood size, treatment and hatching date, and treatment and weather (Table 4.2). When data 
were analyzed separately according to treatment, growth of primary feathers in SYNC nests 
was found to decrease with larger brood sizes (F1, 6.33 = 12.17, P = 0.01, f2 = 1.10, Estimate = 
-0.66 ± 0.2, Fig. 4.6), tended to increase with later hatching dates (F1, 7.24 = 4.81, P = 0.06, f2 
= 0.51, Estimate = -0.39 ± 0.2), but was unaffected by weather (F1, 5.32 = 0.96, P = 0.37, f2 = 
0.11). The growth of 9th primary feathers in ASYNC nests was unaffected by brood size (F1, 
19.3 = 0.04, P = 0.84, f2 < 0.01, Fig. 4.6), but increased with later hatching dates (F1, 17.7 = 6.05, 
P = 0.02, f2 = 0.10, Estimate = 0.24 ± 0.1), and decreased with warmer, drier weather over the 
brood-rearing period (F1, 22.0 = 5.83, P = 0.03, f2 = 0.07, Estimate = -0.65 ± 0.3).  
Growth of nestling headbill was influenced by an interaction between treatment and 
brood size, as well as between treatment and hatching date (Table 4.2). When data were 
analyzed separately according to treatment, higher rates of headbill growth occurred as brood 
size increased (F1, 6.47 = 10.6, P = 0.02, f2 = 1.09, Estimate = 0.08 ± 0.02) and as hatching 
dates became later in the season (F1, 6.85 = 12.6, P = 0.01, f2 = 1.27, Estimate = 0.08 ± 0.02); 
however, this effect was driven by two nestlings with fast rates of growth. Removing these 
two outliers from the dataset for SYNC nests resulted in growth of headbill decreasing with 
later hatching dates (F1, 22.0 = 9.74, P < 0.01, f2 = 0.47, Estimate = -0.03 ± 0.01), increasing 
78 
 
with higher parasite loads (F1, 22.0 = 6.04, P = 0.02, f2 = 0.28, Estimate = 0.02 ± 0.01), and 
warmer, drier weather conditions (F1, 22.0 = 9.36, P = 0.01, f2 = 0.44, Estimate = 0.07 ± 0.02), 
but no longer being influenced by brood size (F1, 22.0 = 3.62, P = 0.07, f2 = 0.17). For ASYNC 
nests, growth of the headbill was unaffected by brood size (F1, 21.1 = 2.93, P = 0.10, f2 = 0.05), 
but decreased with later hatching dates (F1, 20.1 = 16.8, P < 0.01, f2 = 0.45, Estimate = -0.03 ± 
0.01). 
Treatment did not influence parasite load in the nest (χ2 = 32.6, P = 0.11, β = -0.05). 
The probability of nestlings successfully fledging was not affected by treatment (χ2 = 24.2, P 
= 0.63, β = -0.29), but decreased with warmer, drier weather (χ2 = 17.0, P = 0.04, β = -1.32, 
Estimate = -0.67 ± 0.3, Fig 4.7) and tended to decrease with larger brood sizes (χ2 = 21.1, P = 
0.08, β = -1.54, Estimate = -0.77 ± 0.4).  
 
4.5 Discussion 
4.5.1 Parental Condition  
Mass of male and female parents was not affected by treatment, although mass of females 
declined as nestlings became older. Caution must be taken when interpreting mass 
independently as a proxy for adult condition and parental effort. Mass can be reflective of 
territorial quality and rearing conditions; however, mass may also be influenced by 
environmental cues, such as social interactions and risk of predation, which can decouple the 
relationship between mass and reproductive success (Barnett et al. 2015). In addition, there 
may be physiological traits that are better indicators of parental condition. For example, 


























Figure 4.1. Mean (±SE) hatching spread according to whether broods of tree swallows 
hatched either asynchronously (ASYNC) or synchronously (SYNC) as the result of an 
experimental manipulation during the laying period near Prince George, BC, Canada in 2015. 
Hatching spread was defined as the difference in mass between the largest and smallest 




































Figure 4.2. Mean (± SE) number of eggs that failed to hatch according to whether broods of 
tree swallows hatched either asynchronously (ASYNC) or synchronously (SYNC) as the 
result of an experimental manipulation during the laying period near Prince George, BC, 
Canada in 2015. Results are presented with two outliers included. Sample sizes are indicated 





Table 4.1. Results of linear mixed models assessing the effects of predictors on mass and size at day 16 for tree swallow nestlings near 
Prince George, BC, Canada in 2015. Experimental treatment groups consisted of broods with either asynchronous or synchronous 
hatching regimes (see Section 4.3). Brood identity was included in all models as a random effect to account for variation within the 
brood environment and for maternal effects among siblings. The asynchronous treatment group was set as the reference category for 
the parameter estimates. Effect sizes are represented by Cohen's f2. 
Response Variable (unit) Predictor  df F P f2 Estimate ± SE 
Mass (g)  Treatment 1, 25.5 0.08 0.78 <0.01 
 
 
Brood Size 1, 24.8 13.2 <0.01 0.18 -0.81 ± 0.2 
 
Hatch Date 1, 37.3 2.37 0.13 <0.01 
 
 
Treatment * Hatch Date 1, 34.5 12.4 <0.01 0.18 -1.69 ± 0.5 
       Headbill Length (mm)  Treatment 1, 27.4 2.17 0.15 0.04 
 
 
Brood Size 1, 26.7 3.54 0.07 0.06 -0.18 ± 0.1 





























Figure 4.3. The influence of hatching date (where 1 = 1 January) on mass of nestling tree 
swallows at day 16 according to whether broods were experimentally manipulated to hatch 
either asynchronously (ASYNC) or synchronously (SYNC, see Section 4.3) near Prince 





























Figure 4.4. The influence of larval parasitic blow flies (Protocalliphora spp.) (average 
number of parasites per nestling) on the mass of nestling tree swallows at day 16 according to 
whether broods were experimentally manipulated to hatch either asynchronously (ASYNC) 
or synchronously (SYNC, see Section 4.3) near Prince George, BC, Canada in 2015. Results 
are presented with an outlier included. 
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Table 4.2. Results of linear mixed models assessing the effects of predictors on growth rate constants of tree swallow nestlings near 
Prince George, BC, Canada in 2015. Experimental treatment groups consisted of broods with either asynchronous or synchronous 
hatching regimes (see Section 4.3). Brood identity was included in all the models as a random effect to account for variation within the 
brood environment and for maternal effects among siblings. The synchronous treatment was set as the reference category for the 
parameter estimates. Effect sizes between variables are represented by Cohen's f2. 
Response Variable Predictor  df F P f2 Estimate ± SE 
Mass  Treatment 1, 25.7 0.01 0.95 <0.01  
Growth Rate Brood Size 1, 26.7 4.00 0.06 <0.01  
 
Weather 1, 25.0 <0.01 0.97 <0.01  
 
Parasite Load 1, 25.7 4.66 0.04 0.13 0.04 ± 0.02 
 
Treatment * Brood Size 1, 26.6 6.12 0.02 0.12 0.10 ± 0.04 
 
Treatment * Weather  1, 25.5 5.33 0.03 0.13 0.25 ± 0.1 
       Ninth Primary 
Feather Growth Treatment 1, 26.8 0.11 0.75 <0.01  
Rate Brood Size 1, 33.9 6.00 0.02 <0.01 0.02 ± 0.1 
 
Hatch Date 1, 40.0  0.14 0.71 <0.01 
 
 
Weather 1, 25.0 0.48 0.49 <0.01 
 
 
Treatment * Brood Size 1, 33.9 6.69 0.01 0.07 -0.62 ± 0.2 
 
Treatment * Hatch Date 1, 40.0  6.12 0.02 0.08 -0.58 ± 0.2 
 
Treatment * Weather 1, 25.0 4.19 0.05 0.06 0.97 ± 0.5 
       Headbill  Treatment 1, 27.3 0.13 0.72 <0.01 
 Growth Rate Brood Size 1, 30.5 9.03 <0.01 <0.01 -0.01 ± 0.01 
 
Hatch Date 1, 32.6 4.54 0.04 <0.01 -0.03 ± 0.01 
 
Treatment * Brood Size 1, 30.5 17.6 <0.01 0.29 0.08 ± 0.02 
 




























Figure 4.5. The effect of weather on growth rate constants of mass for nestling tree swallows 
during the brood-rearing period, according to whether broods were experimentally 
manipulated to hatch asynchronously (ASYNC) or synchronously (SYNC, see Section 4.3) 
near Prince George, BC, Canada in 2015. The weather index was calculated by summing the 
standardized values of total precipitation (mm) and average daily temperature (°C), so that 
negative values represent cool, wet conditions and positive values represent warmer, drier 






































Figure 4.6. The influence of brood size on the ninth primary growth rate constants of 
nestling tree swallows according to whether broods were experimentally manipulated to 
hatch either asynchronously (ASYNC) or synchronously (SYNC; see Section 4.3) near 
























Figure 4.7. The effect of weather on the probability of tree swallow nests successfully 
fledging near Prince George, BC, Canada in 2015. Broods from two different treatment 
groups that were experimentally induced to hatch asynchronously or synchronously were 
combined in this analysis due to negligible treatment effects. The weather index was 
calculated by summing the standardized values of total precipitation (mm) and average daily 
temperature (°C), so that negative values represent cool, wet conditions and positive values 
represent warmer, drier conditions (see Section 4.3.5).  
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which may impart a physiological cost on immune response, reproduction, and survival 
(Costantini and Møller 2009; Fowler and Williams 2017). Therefore, my treatments may 
have negatively influenced aspects of adult condition that were not measured in this study, 
but which may have affected future reproductive success.  
 
4.5.2 Nestling Condition and Success 
Unlike nestlings in ASYNC broods, nestlings in SYNC broods were significantly affected by 
the presence of higher parasite loads (Fig. 4.4). These results may provide some evidence for 
the ‘tasty chick’ hypothesis, which proposes that smaller, immunocompromised nestlings in 
asynchronous nests may serve as the primary attractant for nest parasites, thereby improving 
conditions for the larger brood members (Christe et al. 1998). Christe et al. (1998) found a 
significant positive relationship between T-cell immune response and residual body condition 
in nestling house martins (Delichon urbica), which suggested that smaller nestlings may be 
more attractive to parasites. As such, the smallest nestling in my ASYNC treatment group 
may have absorbed the majority of detrimental effects of parasites on the brood. In contrast, 
the nestlings from SYNC broods may have been equally vulnerable to parasites without the 
presence of a smaller nestling. To date, tests of the tasty chick hypothesis have produced 
mixed results. For example, junior nestling barn owls (Tyto alba) had lower immune 
responses compared to senior nestlings, and junior owls (and Eurasian kestrels, Falco 
tinnunculus) experienced greater ectoparasite infestations compared to their senior 
counterparts (Roulin et al. 2003); however, nestling great tits (Parus major) showed no 
difference in immune response between junior and senior nestlings, but senior nestlings were 
more likely to be parasitized in broods of Alpine swifts (Apus melba; Roulin et al. 2003). In 
addition, a haematophagous fly (Carnus hemapterus) was found to consistently parasitize 
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larger nestlings of American kestrels (Dawson and Bortolotti 1997) and European bee-eaters 
(Merops apiaster), even with the presence of smaller nestlings in the brood (Valera et al. 
2004). Therefore, the magnitude and pattern of ectoparasite effects may depend on a number 
of ecological factors that require further investigation. For example, O’Brien and Dawson 
(2008) found that the mass growth of nestling mountain bluebirds (Sialia currucoides) 
parasitized by blow flies (Protocalliphora spp.) increased when supplemented with 
carotenoids, compared to nestlings in unsupplemented broods. Weather also may influence 
parasite-host dynamics. Pied flycatchers (Ficedula hypoleuca) experienced higher nestling 
mortality due to parasitic blow flies in warmer years, possibly due to greater larval numbers 
(Merino and Potti 1996). The influence of weather on parasitic infestation also may explain 
why fledging success of tree swallows decreased with warmer, drier weather across both 
treatment groups in this study (Fig. 4.7). Dawson et al. (2005) found that Protocalliphora 
numbers were highest in tree swallow nests around 25°C.  
Nestlings from SYNC broods had faster rates of mass growth when the weather was 
warmer and drier over the brood-rearing period (Fig. 4.5). In addition, both treatment groups 
showed a weak trend for increasing mass growth with higher parasite loads, which may be an 
example of accelerated, compensatory growth in response to peak parasite infestation. The 
‘accelerated growth’ hypothesis suggests that nestlings will experience reduced growth 
during infestation to allocate resources to parasite resistance, but will then switch to an 
accelerated growth strategy once infestation is on the decline (Bize et al. 2003). Bize et al. 
(2003) found support for the hypothesis upon discovering that the wings of parasitized 
nestling alpine swifts (Apus melba) grew at slower rates compared to nestlings where 
parasites were removed prior to peak infestation, only to increase for parasitized nestlings 
once peak infestation had occurred.  
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Compensatory growth is a well-documented method of developmental plasticity in 
many species (reviewed in Metcalfe and Monaghan 2001) and evidence of accelerated 
growth in response to adverse conditions has received some support in altricial birds. 
Nestling barn swallows (Hirundo rustica) in nests inoculated with additional parasites (louse 
flies, Ornithomyia biloba) exhibited faster growth of feathers, but lower condition, compared 
to the unmanipulated control nests (Saino et al. 1998). Longer wings in response to higher 
tick infestations also were observed in nestling sand martins (Riparia riparia; Szép and 
Møller 1999). Allocating resources to increase wing growth may facilitate a quicker escape 
from nest parasitism (Saino et al. 1998; Szép and Møller 1999); however, the growth of 
primary feathers of nestlings in my study was not affected by parasites, although growth of 
the headbill increased with higher parasite loads for SYNC broods once outliers were 
removed. An explanation may be that different morphological traits were prioritized in my 
population based on additional external factors; for example, if food acquisition was a 
constraint, compensatory mass growth may have been favoured over feather growth. 
Although accelerated growth may have provided nests with short-term benefits by allowing 
nestlings to flexibly respond to parasite infestations, accelerated growth may result in long-
term physiological costs to individuals that, in some cases, may counteract the adaptive 
benefit of this trait (Metcalfe and Monaghan 2001). Captive zebra finch (Taeniopygia 
guttata) nestlings that experienced increased, compensatory growth as a result of being 
reared in enlarged broods experienced lower red blood cell resistance to free radicals  as they 
matured (Alonso-Alvarez et al. 2007). Therefore, brood-rearing conditions may have to reach 
a certain threshold of severity before compensatory growth is worth the physiological costs 
associated with it. In contrast to SYNC broods, ASYNC nestlings tended to have slower 
growth of mass with warmer, drier weather (Fig. 4.5). If warmer, drier weather was 
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indicative of increased parasite effects, it is possible that ASYNC broods may not have 
reached the same threshold of severity as SYNC nests did to warrant compensatory growth in 
response to higher parasite loads.   
Mass at day 16 decreased with later hatching dates for SYNC nestlings, compared to 
the increase observed in ASYNC nests (Fig. 4.3). Later hatching dates are often associated 
with deteriorating environmental conditions and, therefore, lower reproductive success for 
birds (Verhulst and Nilsson 2008). Lower success may be due to factors such as seasonal 
declines in prey availability (Verboven et al. 2001), parents decreasing effort in favour of 
self-maintenance (Svensson and Nilsson 1997), or an increase in predation pressure 
(Götmark 2002). The growth of 9th primary feathers of SYNC nestlings also decreased with 
larger broods, which was not observed in ASYNC nests (Fig. 4.6). These patterns could be 
further evidence of the detrimental effects of parasites to SYNC broods or, alternatively, may 
suggest that SYNC broods experienced greater sibling competition compared to ASYNC 
nests. The ‘sibling rivalry’ hypothesis proposes that the presence of stable dominance 
hierarchies may minimize scramble competition that would otherwise waste nestling energy 
reserves (Hahn 1981). Wiebe and Bortolotti (1994b) found support for the sibling rivalry 
hypothesis by showing that American kestrels provisioned synchronous nests at a higher rate 
over a 3 year period, despite the fact that the mass of synchronous broods at fledging was still 
lower compared to ASYNC broods. Since position in the size hierarchy of the nest has been 
shown to increase a nestling’s chances of acquiring food from parents in tree swallows 




4.5.3 Conclusion  
Treatment had no effect on adult mass, but nestling mass at day 16 decreased with higher 
parasite loads in SYNC nests (Fig. 4.4), suggesting that hatching asynchrony may be a 
strategy to protect the majority of the brood from the detrimental effects of parasites (Christe 
et al. 1998). Nestlings from SYNC broods also may have demonstrated compensatory mass 
growth in response to higher parasite loads and warmer, drier weather (Fig. 4.5), which may 
be related to an increase in detrimental effects by parasites (Merino and Potti 1996; Fig. 4.7). 
The poorer condition of SYNC nestlings with later hatching dates (Fig. 4.3) and larger brood 
sizes (Fig. 4.6) may have been the result of reduced tolerance to parasites, or an indication of 
greater sibling competition in the nest. Future research should test the effects of parasites on 
tree swallow broods after controlling for asynchronous and synchronous hatching, while also 
collecting localized measures of environmental conditions. Studies that incorporate measures 
of environmental quality, while simultaneously comparing asynchronous and synchronous 
brood dynamics, will be necessary to identify the underlying mechanism for the adaptive 
value of hatching asynchrony in this species. 
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5. Synthesis  
5.1 Research Summary  
Mountain bluebirds (Sialia currucoides) had been previously observed hatching synchronous 
broods while breeding on reclaimed mine lands limited by food availability (O’Brien and 
Dawson 2013; O’Brien and Dawson 2016); as such, I hypothesized that synchronous 
hatching may provide a reproductive advantage for this species in poor brood-rearing 
conditions (Section 2.2). The majority of performance indicators for nestling bluebirds 
remained unaffected by treatment, however, regardless of whether broods were raised on 
reclaimed mine lands, or in an undisturbed environment (Section 2.4.2). Instead, SYNC 
broods on the mine received larger prey items by parents, but at a lower rate, especially by 
adult males in better condition (Section 2.4.3). These results suggest that any natural 
occurrences of hatching synchrony in this species is more likely a side-effect of 
environmental constraints acting on females early in the breeding season, rather than an 
adaptive mechanism to improve reproductive success.  
Tree swallows (Tachycineta bicolor) typically hatch asynchronously (Ardia et al. 
2006a; Winkler et al. 2011) and therefore I predicted that hatching asynchrony would provide 
a reproductive advantage for this species. In contrast to mountain bluebirds, the hatching 
spread of tree swallows appeared to be more greatly influenced by partial incubation (Wang 
and Beissinger 2011) than by my experimental manipulation in 2014 (Sections 2.4.1 and 3.4), 
suggesting that the pressure to begin incubation earlier in the laying period may be greater for 
adult female tree swallows than for mountain bluebirds. Hatching asynchronously may be 
one of the reasons for this earlier incubation pattern in tree swallows, as it resulted in benefits 
for adult females and nestlings. The body condition of females increased with greater brood 
asynchrony, indicating that asynchronous hatching resulted in reduced reproductive effort 
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unrelated to nestling provisioning (Section 2.4.3). Once the experimental procedures were 
adjusted to account for partial incubation in 2015, I found that higher parasite loads resulted 
in significantly reduced mass at day 16, and a weak trend for increased mass growth for 
nestling tree swallows in the SYNC treatment group. Compared to their ASYNC 
counterparts, SYNC nestlings may have reached a physiological threshold that required 
compensatory growth in response to peak parasite infestations (Saino et al. 1998; Szép and 
Møller 1999), providing some support for the ‘tasty chick hypothesis’ (Christe et al. 1998; 
Section 4.4.3). In 2014, I observed that nestling tree swallows may have been more 
susceptible to subcutaneous larval blow flies (Trypocalliphora braueri) compared to 
mountain bluebirds on my study sites. If this difference exists, it may result in a stronger 
selection for life-history traits that buffer the detrimental effects of parasites on nestling tree 
swallows, especially if the severity of the effects increases under certain ecological 
conditions (Merino and Potti 1996; Dawson et al. 2005; O’Brien and Dawson 2008; 
Harriman et al. 2017). Mass of nestling tree swallows at day 16 decreased with later hatching 
dates, while growth of 9th primary flight feathers was slower in larger broods from SYNC 
nests, suggesting that SYNC nestlings may have experienced greater sibling rivalry 
compared to ASYNC broods (Hahn 1981; Section 4.4.3). Life-history traits reducing rivalry 
behaviours that divert energy away from somatic growth (e.g., Wiebe and Bortolotti 1994b) 
should be favourable in species that equitably distribute food among brood members 
regardless of nestling size, as has shown to be the case in tree swallows (Whittingham et al. 
2003; Leonard and Horn 1996).  
Overall, my study suggests that tree swallows operate under a different set of 
challenges in response to ecological stochasticity that may require the use of hatching 
asynchrony as an adaptive brood-rearing strategy compared to mountain bluebirds. 
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Interspecific differences in response to environmental variation may explain why there is no 
single overarching conclusion for the adaptive significance of hatching asynchrony (e.g., 
Magrath 1990). My study emphasizes the need to fine-tune research on hatching patterns to 
the life-history characteristics unique to that particular species under changing environmental 
conditions.  
 
5.2 Study Limitations 
Future studies should incorporate more localized measures of habitat conditions, such as 
temperature, wind, precipitation, and food availability, all of which are important indicators 
of site conditions (Harriman et al. 2017; Irons et al. 2017). My study was not able to 
incorporate local weather conditions for 2014 and was only able to include regional weather 
data for 2015, which may not have captured variation related to influential microclimate 
events. In addition, this study did not incorporate measures of terrestrial or aerial insect prey 
abundance, which can vary year to year with site conditions (Paquette et al. 2013; Harriman 
et al. 2017). Year effects also may amplify or reduce the success of specific life-history 
strategies (Charmantier et al. 2008) that could make some patterns difficult to detect in only 
one season.    
 
5.3 Implications of Research    
Patterns of egg laying and incubation by females can reveal the state of environmental 
conditions that are important to avian reproduction. For example, egg laying and incubation 
periods are influenced by early spring conditions that can vary greatly in terms of 
temperature and food availability (Møller 2008; Millet et al. 2015). If variable spring 
conditions delay egg laying and/or incubation, repercussions may result during the nestling 
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period, such as a mismatch between brood-rearing and peak seasonal resources (Van 
Noordwijk et al. 1995). Therefore, delayed incubation resulting in hatching synchrony may 
be a visible indicator of environmental constraints, as was likely the case for mountain 
bluebirds in my study (Chapter 2).  
O’Brien and Dawson (2016) used phenotypic traits of mountain bluebirds and tree 
swallows to assess the ecological impacts of mining activities at Highland Valley Copper 
(HVC), as well as the current state of reclaimed mine lands as suitable habitat for birds. 
Indices such as the timing of breeding, offspring mass, and feather length prior to fledging 
revealed the present state of food availability on the mine and therefore could be used as 
observational tools to assess future community-level responses (O’Brien and Dawson 2016). 
The presence of synchronous broods may now be another index that can be used to infer the 
condition of female mountain bluebirds at the start of the breeding season at HVC, and other 
habitats that experience variation in environmental quality.  
If hatching asynchrony is a mechanism for coping with environmental stochasticity 
over the breeding period, as was the case for tree swallows in my study (Chapter 4), 
evolutionary biologists will have further insight into how life-history strategies may 
contribute to avian resiliency under changing environmental conditions and pressures. Aerial 
insectivore populations are declining across North America for reasons that are not well 
understood (Nebel et al. 2010; Shutler et al. 2012) and environmental variability is only 
expected to increase in severity and frequency with the advent of climate change (Walther et 
al. 2002). Therefore, life-history strategies will inform researchers how well species will 
adapt under increasing environmental pressures and what that might entail for the security of 
populations in the future.
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